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ABSTRACT 


This  report  describes  research  performed  over  the  period  1®‘  January  2000  to  31®‘ 
December  2000  on  a  MURI  under  Office  of  Naval  Research  contract  N00014-96-1-1 173  on  the 
topic  “Acoustic  Transduction  Materials  and  Devices”.  This  program  brings  together  researchers 
from  the  Materials  Research  Laboratory  (MRL),  the  Applied  Research  Laboratory  (ARL)  and 
the  Center  for  Acoustics  and  Vibrations  (CAV)  at  the  Pennsylvania  State  University.  As  has 
become  customary  over  many  years,  research  on  the  program  is  detailed  in  the  technical 
appendices  of  published  work,  and  only  a  brief  narrative  description  connecting  these  studies  is 
given  in  the  text. 

The  program  combines  a  far  reaching  exploration  of  the  basic  phenomena  contributing  to 
piezoelectric  and  electrostrictive  response  with  the  highly  applied  thrusts  necessary  to  produce 
the  “pay-off’  in  new  applications  relevant  to  Navy  needs.  Polarization  vector  tilting  in  the 
ferroelectric  phase  of  perovskite  structure  crystals  at  compositions  close  to  a  morphotropic  phase 
boundary  (MPB)  was  first  underscored  on  this  program  some  four  years  ago,  and  is  now  widely 
accepted  as  one  mode  for  exploiting  the  large  intrinsic  spontaneous  strain  in  the  ferroelectric  to 
produce  exceedingly  strong  anhysteritic  piezoelectric  response  and  very  large  electric  field 
controlled  elastic  strain.  New  evidence  for  the  importance  of  both  spontaneous  (monoclinic)  and 
electric  field  induced  tilting  on  the  properties  of  both  single  and  polycrystal  MPB  systems  is 
presented  in  this  report. 

The  puzzling  phenomena  associated  with  relaxor  ferroelectric  response  have  long  been  a 
topic  of  study  in  MRL,  where  the  micro-polar  region  model  and  the  application  of  Vogel/ 

Fulcher  to  the  dielectric  slowing  down  were  first  applied.  The  current  “pay-off’  is  in  the  greatly 
enhanced  relaxor  ferroelectric  electrostrictive  response  from  high  electron  energy  irradiated 
polyvinylidene  difluoride:  triflouroethylene  (PVDF:  TrFE)  co-polymer  discussed  in  this  report. 
This  development  opens  a  new  field  of  high  strain,  high  energy  density  actuators  with 
tremendous  practical  applicability.  Now  the  possibility  of  engineering  this  response  by  chemical 
manipulation  in  the  terpolymer  systems  without  irradiation  further  enhances  the  exciting 
possibilities. 

In  composite  structures,  the  early  promise  of  the  flextensional  cymbal  type  actuators  is 
now  being  fully  realized  and  programs  exploring  large  area  cymbal  transducer  arrays  are 
progressing  very  well,  both  at  MRL/ ARL  and  at  NRL.  The  connection  with  CAV  at  Penn  State 
is  particularly  important  in  keeping  the  MURI  faculty  aware  of  problems  endemic  to  water  as  our 
host  medium  and  the  effects  of  turbulence  in  flow  and  the  need  for  many  types  of  acoustic  noise 
control. 

New  designs  of  piezoelectric  transformers  and  motors  are  demanding  materials  with 
lower  loss  levels  imder  continuous  high  driving,  and  important  progress  is  reported  in  separating 
and  understanding  the  components  of  this  loss  and  in  designing  new  doping  schemes  for 
ceramics  which  enhance  power  capability  almost  tenfold.  New  piezoelectric  micro-motor 
designs  look  particularly  attractive  and  appear  to  offer  significant  advantages  over 
electromagnetics  for  very  small-scale  applications.  Thick  and  thin  film  studies  for  MEMS  are 
progressing  well  and  offering  new  insights  into  fatigue  and  switching  behavior  in  the 
ferroelectrics. 
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Abstract 

High  performance  electroactive  materials  were  studied  as  the  driver  element  for  the  “cymbal”  flextensional  transducer.  The  compositions 
included  were  commercially  available  Navy  Type  I  and  PKI552  lead  zirconate  titanate  (PZT)  piezoceramic,  relaxor  lead  magnesium 
niobate-lead  titanate  (PMN-PT)  ceramic,  lead  zinc  niobate-lead  titanate  (PZN-PT)  single  crystal,  and  lead  lanthanum  stannate  zirconate 
titanate  (PLSnZT)  ceramic  with  antiferroelectric  to  ferroelectric  transitions.  Displacement  amplifications  from  14  x  to  50  x  were  found  for 
various  cymbal  configurations.  The  influence  of  material  properties,  cymbal  design,  and  drive  signal  on  the  displacement  amplification 
factor  is  discussed.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Piezoelectrics;  Ferroelectrics;  Electrostriction;  Actuators;  Displacement  amplification;  Rextensional  transducer 


1.  Introduction 

The  “cymbal”  metal-ceramic  flextensional  transducer 
has  been  developed  for  many  actuator  and  ultrasonic  appli¬ 
cations  [1,2].  This  device  was  derived  from  the  commer¬ 
cially  successful  “moonie”  structure  [3,4]  that  consists  of  a 
poled  piezoelectric  disk  bonded  to  metal  end  caps.  The  metal 
caps  have  specially  designed  geometries  to  accommodate  an 
air  cavity  between  the  metal  and  ceramic.  The  cymbal 
modification  was  a  result  of  eliminating  strain  gradients 
near  the  center  of  the  moonie  caps.  This  new  design, 
categorized  as  a  class  V  flextensional  device,  further 
improved  the  displacement  characteristics  [5].  In  addition, 
the  transducer  was  simpler  and  more  cost  effective  to 
manufacture. 

Increased  sensitivity  and  amplified  motions  are  obtained 
through  conversion  of  radial  stresses  into  large  axial 
motions.  When  driven  electrically  with  the  field  parallel 
to  the  poling  direction,  the  piezoelectric  disk  expands  axially 
in  proportion  to  the  material’s  piezoelectric  ^33  coefficient. 
In  addition,  the  lateral  dimensions  contract  as  a  function  of 
the  piezoelectric  d^i  coefficient.  The  lateral  contraction  is 
amplified  and  transferred  to  the  axial  direction  through  the 
flexing  end  caps.  This  results  in  an  addition  of  and  J33 
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effects.  A  large  displacement  in  the  dome  region  of  40  pm  @ 
1  MV/m  (compared  to  1  pm  @  1  MV/m  for  uncapped  lead 
zirconate  titanate  (PZT))  with  reasonable  generative  force 
(approximately  20  N)  was  obtained  for  the  cymbal.  Moonies 
and  cymbals  are  suitable  for  many  actuator  applications  and 
help  to  bridge  the  gap  between  the  high-force,  low-displace¬ 
ment  multilayer  structures  and  the  high-displacement,  low- 
force  bender  type  actuators.  Compact  and  inexpensive 
moonie  and  cymbal  hydrophones  have  also  found  many 
applications  including  towed  undersea  arrays,  fish  finding, 
underwater  imaging,  and  geophysical  research. 

Ease  of  fabrication  and  the  ability  to  tailor  performance  to 
the  desired  application  are  attractive  features  of  the  cymbal 
design.  Resonance  frequency,  force,  displacement  and 
response  times  of  this  structure  are  controlled  through  the 
choice  of  the  cap  and  driver  materials,  together  with  the 
geometry  and  overall  dimensions,  thereby  accommodating 
this  design  to  numerous  applications.  The  versatility  of  the 
design  is  well  known  and  has  been  the  topic  of  many 
publications  [6,7,8].  As  ultrasound  and  actuator  applications 
expand,  so  do  the  demands  placed  on  device  performance. 

During  the  past  decade,  new  materials  have  been  devel¬ 
oped  to  improve  the  performance  of  transducers  and  actua¬ 
tors.  Single  crystal  perovskites  with  very  large  coupling 
coefficients  and  highly  anisotropic  piezoelectric  properties 
are  being  grown  for  a  variety  of  applications  [9].  Electro- 
strictive  relaxor  ferroelectrics  [10],  and  antiferroelectric-to- 
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ferroelectric  phase  switching  materials  [11]  are  also  being 
developed  for  high  power  devices  with  large  displacements. 

This  paper  compares  the  amplification  effects  of  the 
cymbal  design  using  several  commercial  PZT  compositions 
with  the  newer  electrostrictive  lead  magnesium  niobate-lead 
titanate  (PMN-PT)  ceramics,  lead  zinc  niobate-lead  titanate 
(PZN-PT)  single  crystals,  and  lead  lanthanum  stannate 
zirconate  titanate  (PLSnZT)  with  antiferroelectric  to  ferro¬ 
electric  transitions.  Actuator  displacements  of  capped  and 
uncapped  disks  were  measured  as  a  function  of  electric  field. 


2.  Experimental  procedure 

2.7.  Disk  materials 

A  commercially  available  lead  magnesium  niobate 
(PMN)-based  relaxor  composition  of  0,96(0.91Pb(Mgi/3 
Nb2/3)03-0.09PbTi03H).04BaTi03  (B400090,  supplied 
by  Lockhead  Martin  was  used  as  a  base  material.  The  base 
composition  was  modified  by  sol-gel  route  reactions  to  add 
2  mol%  ZnO  and  2  mol%  Ti02  using  titanium  isopropoxide 
(Ti(OCH(CH3)2)4)  and  zinc  acetate  dihydrate 
(Zn(CH3C02)2  H20)  [12].  Samples  were  pelletized,  sintered 
and  machined  to  12.7  nun  diameters  with  thickness  of 
1  mm,  Fired-on  silver  was  used  as  an  electrode  material  [13]. 

An  antiferroelectric-to-ferroelectric  (AFE-FE)  phase 
switching  ceramic  with  a  composition  of  (Pbo.98Lao.02 
(Zro.66Sno.24Tio.  10)0*99503)  (PLSnZT)  was  obtained  from 
previous  material  studies  at  the  Materials  Research  Lab, 
Pennsylvania  State  University  [11].  Disks  were  machined 
and  polished  to  12.7  mm  diameter  and  1  mm  in  thickness. 
Sputtered  gold  electrodes  were  used  for  electrical  contact. 

Single  crystal  disk  samples  of  PZN-PT  (0.955Pb(Zni/3 
Nb2/3)O3-0.045PbTiO3)  (PZN-4.5%PT)  were  cut  perpendi¬ 
cular  to  the  (0  0  1)  crystallographic  direction  and  polished  to 
12.7  nun  in  diameter  and  1  mm  thickness.  Samples  were 
gold  sputtered  and  poled  through  the  thickness.  Crystal 
samples  were  provided  by  TRS  Ceramics,  State  College  PA. 

Along  with  the  newer  samples  just  described,  lead  zirco¬ 
nate  titanate  ceramics  PKI552  (PiezoKinetics  Inc.,  Belle- 
fonte,  PA)  and  Navy  Type  I  (PKI  402;  PiezoKinetics  Inc.) 
were  measured  for  comparison  [14].  All  disks  were  12.7  mm 
in  diameter  and  1  mm  thick. 

2.2.  Cymbal  production 

12.7  mm  diameter  caps  were  cut  from  titanium  or  brass 
sheets  using  a  hardened  steel  punch.  Caps  were  polished  to 
remove  any  burrs  on  the  edge  of  the  blank.  The  cymbal 
shape,  illustrated  in  Fig.  1  was  formed  from  the  blank  using 
machined  dies  under  350  MPa  of  pressure.  Each  cap  was 
fabricated  with  a  320  pm  cavity  depth,  3.2  mm  top  and  a 
flange  width  of  1.85  mm. 

The  surface  of  the  flange  and  driver  material  were  rough¬ 
ened  with  sandpaper  to  enhance  bonding.  Bonding  layers 


Fig.  1.  Schematic  structure  of  cymbal  Class  V  flextensional  transducers. 
The  “driver”  (hatched  area)  and  the  punched  metal  caps  (solid  area)  have 
typical  dimensions  of  12.7  mm  in  diameter  and  about  2  mm  total 
thickness. 

were  applied  using  a  screen-printing  technique.  The  epoxy 
used  to  bond  the  caps  to  the  ceramic  was  manufactured 
by  Emerson  and  Cuming.  A  ratio  of  three  parts  45  LV 
epoxy  resin  to  one  part  15  LV  resin  hardener  was  used. 
After  bonding,  the  ceramic  and  caps  were  clamped  and  the 
epoxy  was  allowed  to  cure  in  air  at  60°C  for  a  minimum 
of  4h. 

2.5.  Cymbal  characterization 

Displacement  was  measured  using  a  linear  variable  dif¬ 
ferential  transducer  (LVDT)  and  a  computer  controlling  a 
10  kV  power  supply  (Trek,  model  610B).  The  LVDT  fixture 
was  designed  to  minimize  the  force  imposed  on  the  device. 
LVDT  output  was  monitored  using  a  lock-in  amplifier 
(Stanford  Research  Systems,  model  SR830).  The  sample 
fixture  was  immersed  in  insulating  oil  (Galden  HT-200)  to 
prevent  arcing.  A  unipolar  or  sinusoidal  electrical  signal  was 
used  to  drive  the  elements  and  the  cymbal  transducers  up  to 
1  MV/m  at  0.1  Hz.  Phase  switching  materials  were  evalu¬ 
ated  up  to  4  MV/m.  To  assay  the  PMN  and  piezooelectric 
actuators  under  bias  field,  an  increasing  bias  was  applied  in 
0.1  MV/m  increments  in  conjunction  with  a  0.5  MV/m, 
0.1  Hz  ac  sinusoidal  driving  signal.  To  avoid  sample  break¬ 
down,  a  maximum  bias  field  of  1.0  MV/m  was  applied.  The 
peak-to-peak  displacement  was  recorded  to  compare  sam¬ 
ples. 


3.  Experimental  results 

5.7.  Ceramic  drivers 

Displacements  for  uncapped  samples  of  PMN,  Navy  Type 
I,  and  PKI552  bulk  ceramics  are  plotted  in  Fig.  2.  From  this 
plot  it  can  be  seen  that  at  high  field,  PMN  ceramics  gave  a 
larger  displacement  than  the  traditional  PZTs.  It  is  also 
evident  that  PMN  exhibited  less  hysteresis  than  PKI552 
material  but  PMN  has  nonlinear  displacement  properties, 
characteristic  of  the  relaxor  composition  [15].  The  PKI552 
composition  showed  large  hysteresis  associated  with  ferro¬ 
electric  domain  motion.  The  area  within  the  loop  represents 
dielectric  loss  that  can  result  in  significant  heat  generation 
during  operation.  The  low  loss  Navy  Type  I  ceramic  pro¬ 
vides  linear  actuation  and  little  hysteresis  but  at  lower  strain. 
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Fig.  2.  Field  dependent  axial  displacement  for  uncapped  1  mm  thick 
ceramic  samples  of  Navy  Type  I,  PKI552  and  PMN  ceramics.  Measure¬ 
ments  were  done  at  0.1  Hz. 
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Fig.  4.  Plot  of  the  peak-to-peak  axial  displacement  as  a  function  of  dc  bias 
field  for  cymbal  actuators  driven  under  a  500  V  ac  sinusoidal  signal. 


Since  each  of  these  ceramics  is  1  mm  in  thickness,  the 
maximum  strain  observed  at  1  kV  was  roughly  0.08%  for 
the  PMN  sample. 

Adding  cymbal  caps  to  these  same  ceramics  and  improved 
the  axial  displacement  characteristics  dramatically.  The  caps 
were  made  from  250  jim  thick  titanium  and  had  cavity 
depths  of  320  pm.  The  results  are  plotted  in  Fig.  3.  The 
cymbal  made  from  PKI552  material  had  the  highest  axial 
displacement  at  1  MV/m  and  showed  more  than  25  x  ampli¬ 
fication  over  the  uncapped  ceramic  alone.  For  Navy  Type  I 
and  PMN  cymbals,  amplification  factors  of  26  x  and  14  x 
were  measured,  respectively.  The  displacement  character¬ 
istics  of  the  capped  ceramics  resembled  those  of  the 
uncapped  ceramic  with  the  largest  hysteresis  for  PKI552. 
Even  though  the  PMN  ceramic  disk  had  a  higher  displace¬ 
ment  at  1  MV/m  than  PKI552,  the  cymbal  stmcture’s  axial 
displacement  is  a  combination  of  the  effective  J33  and  the 
amplification  effect  from  the  of  the  material.  For  the 
piezoceramic,  the  and  ^3  j  are  roughly  550  and  —270  pm/V, 


Fig.  3.  Axial  displacement  for  cymbal  actuators  plotted  as  a  function  of  a 
low  frequency  unipolar  field.  Cymbals  were  made  with  titanium  caps  with 
a  cavity  of  320  pm  and  PMN,  Navy  Type  I  and  PKI552  ceramic  drivers. 


respectively  [16].  For  electrostrictive  PMN,  the  effective 
piezoelectric  coefficients  based  on  peak  values  are  about  700 
and  -200  pm/V  [11].  Device  response  with  the  PMN-based 
materials  may  improve  with  an  optimized  cap. 

Relaxor  ferroelectric s  are  normally  driven  under  bias 
fields  to  utilize  the  higher  effective  d^^  coefficients  which 
are  represented  by  the  region  of  the  displacement  versus 
field  plot  where  the  slope  is  the  highest.  In  the  next  set  of 
experiments,  a  dc  bias  field  was  applied.  Starting  with  a  bias 
field  of  0.1  MV/m  and  increasing  in  0.1  MV/m  steps,  the 
maximum  displacement  of  the  transducer  was  measured  as  a 
function  of  a  0.5  MV/m  sinusoidal  electric  field.  The  peak- 
to-peak  displacement  is  plotted  in  Fig.  4  as  a  function  of  bias 
field  for  the  same  cymbals  described  earlier.  As  can  been 
seen  in  the  plot,  the  PMN  sample  had  a  peak  value  near 
0.6  MV/m  where  the  total  displacement  was  greatest.  The 
piezoceramics  showed  relatively  little  change  in  peak-to- 
peak  displacement  for  Navy  Type  I  PZT.  The  PKI552 
composition  decreased  by  10%  from  0  to  1.0  MV/m  bias. 
In  this  experiment,  the  0.5  MV/m  ac  driving  signal  resulted 
in  negative  fields  on  the  ceramic.  Since  there  is  no  remnant 
polarization  in  the  relaxor,  a  negative  field  results  in  a 
positive  displacement  whereas  the  piezoceramics  decrease 
in  dimension.  This  results  in  an  inherently  larger  peak-to- 
peak  displacement  for  the  piezoceramics  when  the  device  is 
used  in  the  bipolar  mode  as  long  as  the  negative  field  does 
not  depolarize  the  material.  In  the  unipolar,  dc-biased  mode, 
the  lower  hysteresis  of  electrostrictors  may  be  advantageous. 
It  appears,  however,  that  the  piezoelectric  materials  are  best 
suited  to  this  cymbal  design. 

The  large  displacement  generated  from  the  antiferroelec- 
tric-to-ferroelectric  field  induced  phase  change  was  also 
examined.  The  PLSnZT  bulk  disk  and  cymbal  displacement 
characteristics  are  plotted  in  Fig.  5.  The  bulk  disk  showed 
very  little  strain  up  to  electric  fields  of  2.4  MV/m.  At  higher 
fields,  the  induced  phase  change  provided  an  abrupt  increase 
in  axial  displacement.  The  maximum  strain  produced  from 
this  sample  was  0.18%  at  3  MV/m.  A  large  hysteresis  was 
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Fig.  5.  Displacement  plotted  as  a  function  of  electric  field  for  antiferro- 
electric-tO'ferroelectric  phase  switching  PLSnZT  ceramic  and  cymbal. 
Brass  caps,  200  pm  in  thickness  and  320  pm  cavity  depth  were  used  to 
build  the  cymbal. 

also  observed.  Since  the  material  reverts  to  the  antiferro- 
electric  phase,  no  remnant  polarization  resulted.  Thus, 
negative  fields  also  produced  positive  displacements. 

An  interesting  characteristic  of  this  material  is  that  it 
undergoes  a  volumetric  expansion  that  can  be  as  large  as 
0.49%  [17].  Thus,  the  effective  J33  and  d^i  coefficients  have 
the  same  sign  and  work  against  one  another  in  the  cymbal 
structure.  With  the  large  amplification  of  the  lateral  motion, 
a  total  negative  displacement  of  52  pm  was  obtained  for  an 
AFE-FE  cymbal  as  shown  in  Fig.  5.  Less  stiff,  200  pm  thick 
brass  caps  with  a  320  pm  cavity  depth  were  used  because  the 
displacement  and  switching  characteristics  of  this  material  is 
a  strong  function  of  pre-stress  [18].  With  these  caps,  nearly 
30  X  amplification  of  the  AFE-FE  ceramic  displacement  was 
obtained, 

5.2.  Single  crystal  drivers 

In  the  case  of  single  crystals,  the  crystallographic  orienta¬ 
tion  is  important  in  optimizing  the  piezoelectric  properties. 
PZN-4.5%PT  crystals  were  chosen  to  demonstrate  perfor¬ 
mance  as  a  cymbal  driver  material.  For  this  experiment 
150  pm  thick  brass  caps  were  used  with  a  (0  0  1)  oriented 
crystal  disk  and  compared  with  a  PKI552  ceramic  with 
similar  caps.  Axial  displacements  of  the  uncapped  crystal 
and  the  two  cymbals  are  plotted  in  Fig.  6.  Based  on  these 
results,  the  cymbal  caps  provided  a  27  x  amplification  of  the 
crystal  motion.  The  displacement  was  linear  and  nearly 
anhysteresic.  For  the  PKI552  piezoceramic,  the  thinner 
lower  modulus  brass  cap  gave  an  amplification  factor  of 
50  X  at  1  MV/m.  This  is  twice  the  value  obtained  with  the 
stiffer  Ti  caps  (Fig.  2).  The  effects  of  cap  modulus  and 
thickness  have  been  studied  previously  and  are  consistent 
with  these  results  [6,7].  Regarding  the  single  crystals,  the 
values  reported  for  ^33  and  d^i  for  the  (0  01)  orientation  are 
approximately  2250  pm/V  and  -lOOOpmA^,  respectively 


Fig.  6.  Displacements  plotted  as  a  function  of  applied  electric  field  for 
capped  and  uncapped  (0  0  1)  oriented  single  crystal.  Plotted  for 
comparison  is  a  PKI552  cymbal  with  identical  150  pm  thick  brass  caps. 


[19] .  These  coefficients  are  nearly  3x  that  of  PKI552 
ceramic  [16].  Thus,  a  similar  or  larger  amplification  factor 
was  expected. 

To  further  investigate  cymbal  performance,  200  pm  thick 
brass  caps  were  mounted  on  the  PKI552  ceramic  and  the 
PZN-4.5%PT  crystal.  These  ceramic  and  ciystal  cymbals 
gave  axial  displacement  amplification  factors  of  50  x  and 
19  X,  respectively.  The  decreased  amplification  factor  with 
the  thicker  brass  caps  is  attributed  to  clamping  of  the  single 
crystal.  Comparing  the  elastic  constants  of  the  crystal  and 
PKI552  ceramics,  it  can  be  seen  that  the  single  crystal’s  com¬ 
pliance  ^  72  X  10~^W/V;  5f3  120  x 

[20]  is  more  than  four  times  greater  than  the  ceramic 

(sfi  ^I6x  lO-^W/N;  4  20  X  IQ-^W/N)  [16].  It 

is  apparent  that  the  large  piezoelectric  activity  of  the 
single  crystals  comes  at  the  expense  of  a  more  compliant 
structure.  Consequently,  this  reduces  its  ability  to  drive 
the  metal  caps. 

Another  reason  for  decreased  amplification  in  the  crystal 
may  result  from  the  cymbal  structure  itself.  The  elastic 
constant  and  piezoelectric  force  coefficient  varies  as  a 
function  of  direction  in  the  plane  of  the  disk.  The 
effect  of  this  anisotropy  on  the  flexing  cap  is  unclear.  To 
investigate,  two  square  plates  12.7  mm  on  a  side,  one 
having  edges  along  (110)  and  one  along  (10  0)  directions 
were  made.  Rectangular  cymbal  caps,  150  pm  thick 
with  cavity  depths  of  320  pm  were  bonded  to  each  plate 
which  was  1  mm  thick.  The  displacement  for  these  plates 
was  71  and  64  pm,  respectively,  and  it  is  plotted  in 
Fig.  7.  This  is  an  amplification  factor  of  35  for  the 
(1  0  0) -edged  plate.  This  was  the  expected  result,  since 
the  compliance  in  the  (10  0)  direction  is  less  than  the 
(110)  [20].  Based  on  these  experiments,  it  is  concluded 
that  both  cymbal  cap  design  and  crystallographic  engineer¬ 
ing  must  be  carefully  employed  to  optimize  the  use  of  single 
crystal  cymbals. 
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Electric  Field  (MV/m) 

Fig.  7.  Displacement  plotted  as  a  function  of  electric  field  for  two  PZN- 
4.5%PT  single  crystal  (0  01)  plates,  one  having  edges  along  {1  1  0)  and 
one  with  edges  along  (10  0).  The  crystal  thicknesses  were  1  mm  and  the 
rectangular  brass  caps  were  150  pm  thick  with  a  320  pm  cavity  depth. 


4.  Summary 

Several  materials  were  used  as  drivers  for  the  cymbal 
Class  V  actuators.  The  displacement  characteristics  of  the 
cymbal  were  found  to  be  dependent  upon  the  materials 
effective  piezoelectric  coefficients  and  the  elastic  properties. 
For  the  cymbal  configuration  comparing  PMN,  Navy  Type  I 
and  PKI552,  amplification  factors  of  14,  26,  and  25  x  were 
found,  AFE-FE  phase  switching  ceramic  had  a  30x  ampli¬ 
fication  with  its  cap  geometry.  Single  crystal  PZN-PT  had  an 
amplification  factor  of  27  x  compared  to  50  x  for  PKI552 
cymbal  with  identical  cap  geometry.  The  linear  and  anhys- 
tertic  nature  of  the  single  crystal  cymbals  will  provide  many 
advantages  in  actuator  design.  For  each  application,  the 
driver  and  cap  configurations  must  be  carefully  chosen  to 
meet  the  requirements  for  displacement,  force,  and  speed. 
Further  discussion  of  force  and  speed  will  appear  in  later 
publications. 
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Abstract 

The  design,  fabrication  and  application  of  flextensional  composite  transducers  are 
summarized  in  this  study.  The  moonie  and  cymbal  type  flextensional  transducer  consist 
of  a  ceramic  driving  element  sandwiched  between  two  truncated  conical  metal  or  plastic 
endcaps.  These  transducers  can  be  used  as  both  sensors  and  actuators.  Piezoelectric, 
electrostrictive  and  antiferroelectric-ferroelectric  switching  types  of  ceramic  can  be  used 
as  the  driving  element  in  either  single  layer  or  multilayer  form.  In  the  cymbal  and 
moonie  transducer  designs,  the  flexibility  and  durability  of  metals  and  the  driving  power 
of  the  ceramic  element  are  combined. 

Poled  ferroelectric  ceramics  (Curie  groups  com)  possess  three  independent  piezoelectric 
coefficients:  d^,,  and  d^.  Each  of  the  piezoelectric  coefficients  can  be  used  as  the 
driving  element  of  a  composite  cymbal  or  moonie  transducer.  Cymbal  transducers  can 
also  be  fabricated  from  ring  shaped  ceramics  sandwiched  between  truncated  metal 
endcaps.  Polarization  and  electric  field  directions  of  the  samples  can  be  altered 
systematically  to  make  use  of  the  three  different  piezoelectric  coefficients  as  driving 
elements.  The  cymbal  is  a  versatile  performer.  Desired  actuation  and  sensing 
performance  can  be  tailored  by  engineering  the  flexibility  of  the  endcaps  or  changing  the 
cavity  dimensions  beneath  the  endcaps.  Possible  design  changes  can  be  also  investigated 
with  FEM  by  using  computational  tools.  Cymbal  and  moonie  transducers  can  be  used  as 
hydrophones,  acceleration  sensors,  positioners,  and  in  many  other  applications. 

1.  Introduction 

Accentric  materials  show  piezoelectricity,  which  is  defined  as  the  ability  of  developing 
an  electrical  charge  proportional  to  a  mechanical  stress.  The  piezoelectric  response  may 
be  either  direct  or  converse.  For  the  direct  piezoelectric  response,  the  electrical 
displacement  is  proportional  to  the  stress  applied  to  the  material.  In  the  converse  effect, 
material  strain  is  proportional  to  the  field  applied  across  the  material.  This  quality  of 
piezoelectric  materials  has  led  to  their  use  in  transducers,  which  convert  electrical 
energy  to  mechanical  energy,  and  vice  versa.  These  electromechanical  transducers  have 
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found  applications  where  they  are  used  in  either  active,  e.g.  ultrasonic  probes,  or  passive 
modes,  e.g.  hydrophones. 

A  number  of  monolithic  materials  exhibit  piezoelectric  behavior.  Ceramics,  polymers 
and  as  well  as  their  composites  belong  to  this  materials  group.  Conflicting  goals  in 
optimizing  physical  and  electromechanical  properties  of  transducers  have  led  the 
researchers  to  look  at  the  composite  materials. 

Superior  properties  have  been  obtained  with  piezocomposites  consisting  of  an  active 
piezoelectric  ceramic  in  an  inactive  polymer.  The  microstructural  arrangement  of 
component  phases  in  the  composite,  sometimes  referred  to  as  connectivity,  is  a  critical 
parameter  for  the  electromechanical  performance  of  the  composite.  For  a  composite 
containing  two  phases,  there  are  sixteen  different  connectivity  patterns.  Over  the  past 
two  decades,  researchers  have  investigated  several  methods  to  process  piezocomposites 
and  improve  their  properties.  The  0-3,  3-1,  and  2-2  connectivities  have  been  worked  on 
extensively.  There  are  several  excellent  review  papers  on  connectivity  patterns  and  the 
processing  techniques  used  to  form  piezocomposites  [1],  [2].  Various  composite  have 
different  applications.  Competition  is  still  going  on  to  determine  the  composite  with  the 
best  electromechanical  performance. 

Second  generation  piezocomposites  include  the  moonie  and  cymbal  with  2-(0)-(2) 
connectivity.  Ceramic-metal  composites  generally  have  a  simple  design  with  metal 
faceplates,  shells  or  caps  that  couple  the  ceramic  to  the  surrounding  medium.  The  metal 
component  transfers  the  incident  stress  to  the  ceramic  or  the  displacement  to  the 
medium.  Flextensional  transducers  are  good  examples  of  ceramic-metal  composites.  In 
flextensional  transducers,  the  flexural  vibration  of  the  metal  shell  causes  an  extensional 
vibration  of  the  piezoelectric  ceramic.  The  moonie  and  cymbal  transducers  possessing 
2-(0)-2  connectivity  are  miniaturized  versions  of  flextensionals.  This  paper  describes  the 
moonie  and  cymbal  type  composite  transducers. 


2.  Principle 

The  moonie  and  cymbal  transducers  consist  of  an  electro-active  ceramic  driving  element 
sandwiched  between  two  metal  endcaps  with  shallow  cavities  on  their  inner  surface. 
Designs  of  the  moonie  and  cymbal  transducers  are  illustrated  graphically  in  Figure  1  and 
Figure  2,  In  the  case  of  the  moonie,  the  cavities  are  in  the  shape  of  a  half  moon,  whereas 
the  cymbal  has  a  truncated  cone-shaped  cavity.  The  presence  of  these  cavities  allows 
the  metal  caps  to  serve  as  mechanical  transformers  for  converting  and  amplifying  a 
portion  of  the  incident  axial-direction  stress  into  tangential  and  radial  stresses  of 
opposite  sign.  Thus,  the  d33  and  d3i  contributions  of  the  PZT  now  add  together  (rather 
then  subtracting)  in  the  effective  d  value  of  a  device,  such  as  a  hydrophone  or 
accelerometer.  Regarding  the  converse  effect,  the  radial  motion  of  the  ceramic  driving 
element  is  transferred  and  amplified  by  the  metal  endcaps  in  axial  direction.  Hence, 
moonie  and  cymbal  can  be  used  as  both  sensors  and  actuators. 
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Figure  I.  Schematic  of  Moonic  Transducer.  Figure  2.  Schematic  Cymbal  Transducer. 


2. 1  FIRST  APPROXIMATION  FOR  THE  CHARGE  CALCULATION  ON  THE 
CYMBAL  AND  MOONIE  TRANSDUCER 

Let  us  assume  that  we  have  a  flextensional  transducer  which  has  cone  shaped  endcaps 
The  charge  created  under  an  applied  stress  on  the  cymbal  transducer  at  uniaxial 
direction  perpendicular  to  the  metal  endcaps  can  be  estimated  as  follows. 

The  force  is  applied  to  the  cone  on  the  summit  and  transferred  to  the  piezoelectric 
ceramic.  The  essential  parameters  for  the  calculation  are  marked  on  Figure  3. 


Figure  3.  Front  and  lop  view  of  flextensional  tranduscr  cone  shaped  cndcap 
Where:  h,  cavity  depth;  n,  cavity  radius;  t,  thickness  of  ceramic, 
0  angle  between  cone  and  piezoelectric  ceramic. 


The  charge  generation  is  calculated  from, 
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when  two  endcaps  are  used: 
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where  is  the  Q  charge;  C,  Capacitance;  V,  voltage,  and  €  the  dielectric  permittivity. 

For  example:  For  a  flextensional  transducer  with  conical  endcap,  which  has  9.0  mm 
cavity  diameter  and  0.2  mm  cavity  depth  and  consisting  of  1 .0-mm  thick  PZT-5 A 
ceramic  disc  with  153  pC/N  dsj  coefficient,  the  calculated  effective  charge  is  around 
17,500  pC/N 

The  effective  piezoelectric  coefficients  of  moonie  and  cymbal  transducers,  with  a  12.7- 
mm  outer  diameter  and  9.0-mm  cavity  diameter  and  0.2-mm  cavity  depth  consisting  of 
PZT-5A  ceramic,  are  shown  in  Figure  5.  In  moonie  and  cymbal  structure  dsj  and  dss 
coefficients  work  together  (in  general  in  piezoceramics  they  work  always  against  each 
other  due  to  poisson  effect).  This  is  part  of  the  reason  of  high  effective  charge 
coefficient.  The  moonie  shows  highly  position  dependent  behavior  for  the  effective 
piezoelectric  coefficient.  The  cavity  beneath  the  endcap  of  the  moonie  actuator  plays  a 
crucial  role  on  the  characteristics  of  the  moonie  [3].  The  effective  piezoelectric 
coefficient  increases  with  increasing  cavity  diameter  and  cavity  depth.  The  effective 
piezoelectric  coefficient  of  the  moonie  transducer  decreases  rapidly  with  increasing  the 
endcap  thickness.  The  piezoelectric  charge  coefficient  of  moonie  transducers  also  show 
position  dependent  behavior  similar  to  that  of  the  displacement. 

Placing  a  groove  9.0-mm  in  diameter,  0.2-mm  in  depth,  and  1.0-mm  in  width  in  the 
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Figure  5.  Effective  piezoelectric  charge  coefficient  of  same  size  various  design 
of  flextensional  transducers. 

brass  endcaps  increased  the  effective  piezoelectric  coefficient  almost  20%.  The 
piezoelectric  charge  coefficient  is  simply  the  ratio  of  the  applied  stress  and  the  induced 
charge.  Thus,  we  can  say  that  the  groove  on  the  endcaps  increases  the  stress 
transformation  ratio  and  therefore  the  generated  charge.  The  moonies  with  grooved 
endcaps  also  showed  less  position-dependent  behavior.  For  the  2-mm  diameter  section 
at  the  center  of  the  samples,  the  effective  piezoelectric  coefficient  is  about  1 1,000  pC/N. 

With  the  cymbal  endcaps,  the  piezoelectric  coefficients  increased  almost  60%.  For  a 
cymbal  12.7-nim  in  diameter  and  1.7-nim  in  total  thickness,  an  effective  piezoelectric 
coefficient  of  more  than  15,000  pC/N  was  measured  over  the  4-mm  diameter  center 
section  of  the  cymbal  transducer.  We  have  concluded  that  the  thick  metal  region  near 
the  edge  of  the  moonie  metal  endcaps  is  a  passive  region,  which  does  not  assist  stress 
transfer,  and  acts  to  decrease  the  total  efficiency.  Cymbal  endcaps  transfer  the  stress 
more  efficiently  and  improve  the  energy  transfer  markedly.  The  calculated  result  for 
conical  endcap  and  the  measured  result  for  cymbal  with  truncated  conical  endcaps  are  in 
very  good  agreement. 

3.  Fabrication  Method 

When  fabricating  the  composite  moonie  and  cymbal  transducers,  piezoelectric, 
electrostrictive,  or  antiferro-  to-  ferroelectric  ceramics  can  be  used  as  the  driving 
element  in  either  single  layer  or  multilayer  form.  Shallow  cavities  beneath  the  endcaps 
of  the  moonie  transducers  are  machined  into  the  inner  surface  of  each  of  the  end  caps. 
Brass,  phosphor  bronze,  other  flexible  metals  and  their  alloys,  and  even  acrylic  can  be 
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used  as  endcap  materials. 

For  cymbals  the  truncated  conical  endcaps  are  punched  using  a  specially  designed  punch 
to  febricate  the  transducers  rapidly  at  minimal  cost.  Shaping  and  cutting  operations  are 
carried  out  simultaneously  during  processing.  The  final  product  requires  only  surface 
treatment  for  good  bonding.  Moreover,  endcaps  can  be  easily  fabricated  from  metal 
sheets  by  punching.  With  this  fabrication  routes  it  is  possible  to  fabricate  identical 
endcaps  with  minimal  labor. 

The  metal  moonie  and  cymbal  endcaps  are  bonded  to  the  electro-active  ceramic  disks 
around  the  circumference  using  soldering  alloy  or  epoxies  such  as  Eccobond  epoxy  resin 
from  Emerson  &  Cuming,  taking  special  care  not  to  fill  the  cavity.  The  thickness  of  the 
epoxy  bonding  layer  must  be  very  thin,  approximately  20  pm.  Using  silver  epoxy  as  a 
gluing  agent,  composite  actuators  may  also  be  stacked  together  at  the  center  of  the 
endcaps  to  achieve  still  higher  displacements.  Moonie  and  cymbal  transducers  can  be 
easily  fabricated  3-50  mm  in  diameter  and  1-3  mm  in  total  thickness.  Currently  most  of 
the  studies  are  done  on  the  12.7-nun  diameter  1 .5-mm  thick  samples. 

4.  Design  Optimization  With  the  Support  of  Finite  Element  Analysis 

Finite  element  programs  ATILA,  MARK,  and  ANSYS  were  used  for  the  design  and 
development  stages  of  the  moonie  and  cymbal  transducers.  The  cymbal  actuator  is  a 
second-generation  moonie-type  composite  developed  using  FEA  analysis  in 
collaboration  with  experiment.  Finite  Element  Analysis  has  identified  high  stress 
concentration  in  the  metal  endcaps  just  above  the  edge  of  the  ceramic  metal  bonding 
layer  near  the  edge  of  cavity  [4]. 

The  stress  concentration  on  the  brass  endcap  just  above  the  bonding  layer  reduces  the 
effective  force  transfer  from  the  PZT  to  the  cap.  It  is  possible  to  eliminate  part  of  the 
stress  concentration  by  removing  a  portion  of  the  endcap  just  above  the  bonding  region 
where  the  maximum  stress  concentration  is  observed.  An  enhancement  in  properties  has 
been  observed  by  introducing  a  ring  shaped  groove  on  the  exterior  surface  of  the 
endcaps  [5].  By  moving  the  groove  toward  the  edge  of  the  actuator,  the  displacement 
increases.  The  highest  displacement  was  achieved  when  the  groove  was  above  the  edge 
of  bonding  layer.  It  is  found  that  the  deeper  and  wider  the  groove,  the  higher  the 
displacement  [6]. 

In  reality,  placing  a  ring  shaped  groove  on  the  endcap  does  not  eliminate  the  stress  but 
further  concentrates  it  into  a  very  narrow  region.  Stress  concentrations  at  the  groove 
edges  are  a  potential  source  of  fatigue  and  may  eventually  produce  failure  under  long¬ 
term  usage.  Moreover,  additional  labor  is  required  to  machine  the  groove  into  the 
endcaps. 

The  cymbal  transducer  with  truncated  endcaps  has  been  designed  to  remove  much  of  the 
stress  concentration  and  to  produce  higher  and  more  reproducible  displacements. 
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Although  this  new  design  looks  similar  to  the  earlier  moonie  design,  it  has  a  different 
displacement  mechanism.  Displacement  is  primarily  a  flexural  motion  of  the  endcap  for 
the  original  moonie  design,  but  for  the  new  design,  the  displacement  is  created  by  the 
combination  of  flexural  and  rotational  motions.  Figure  6  shows  the  displacement  values 
of  the  different  endcap  designs  with  a  fixed  cavity  depth  (0.20-mm)  and  diameter 
(9.0  mm).  A  linear  Voltage  Differential  Transformer  (LVDT)  was  used  for 
displacement  analysis  of  the  transducers.  A  variable  electric  field  up  to  IkV/mm  with 
triangular  waveform  at  0.1  Hz  is  applied  to  the  sample.  A  moonie  actuator  with  0.30- 
mm  thick  brass  endcaps  provides  a  22-pm  displacement.  Using  the  ring-shaped  groove 
design,  the  displacement  was  increased  to  32  pm  with  a  groove  9.0  mm  in  diameter,  0.2 
mm  in  depth,  and  1.0  mm  in  width  machined  into  the  brass  endcaps  of  the  same  actuator. 
A  cymbal  actuator  with  uniformly  thick  punched  endcaps  exhibits  around  40-pm 
displacements,  about  twice  the  moonie  displacement,  and  about  50  times  larger  than 
uncapped  PZT. 


Position  from  the  center  of  the  endcap  (mm) 

Figure  6,  Displacement  characteristics  of  moonie  and  cymbal  flcxtensional  transducers. 

4. 1  EFFECT  OF  SIZE  AND  SHAPE 

The  dimensions  of  the  cavity  beneath  the  endcaps  play  a  crucial  role  in  the  cymbal 
performance.  Engineering  the  flexibility  of  the  endcaps  or  changing  cavity  dimensions 
can  tailor  the  desired  actuation.  The  displacement,  which  is  the  result  of  converse 
piezoelectric  effect,  has  a  quadratic  relationship  with  the  cavity  diameter.’  Figure  7 
shows  the  calculated  and  experimental  results  of  displacement  cavity  relation  of  cymbal 
transducer  with  constant  endcap  thickness  (0.25mm)  and  PZT  thickness  (1.0  nun). 
Figure  8  shows  the  optimal  cavity  depth,  which  is  around  0.25  mm  for  a  cymbal 
transducer  with  constant  cavity  diameter  (9.0  mm)  and  PZT  thickness  (1 .0  mm). 
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Figure  7.  Displacement  cavity  relation  of  cymbal  transducer  with  constant  endcap  thickness  (0.25mm)  and 

PZT  thickness  ( 1 .0  mm). 

4.2  EFFECT  OF  ENDCAP  MATERIAL 

The  flexibility  and  modulus  of  elasticity  of  the  endcap  material  are  important  parameters 
defining  the  important  actuator  properties:  displacement,  response  speed  and  generative 
force,  of  moonie  and  cymbal  actuators  and  transducers.  Figure  9  shows  the  effects  of 
the  Young’s  modulus  of  the  metal  endcaps  and  the  hardness  of  the  PZT  ceramics  on  the 
displacement  of  composite  cymbal  actuators.  Increasing  the  Young’s  modulus  of  the 
metal  endcaps  reduces  the  displacement  of  the  cymbal  actuator.  This  reduction  is 
almost  linear  and  the  displacement,  of  the  highest  Young’s  modulus  metal  endcaps  is 
approximately  55%  lower  than  that  achieved  using  the  most  compliant  metal  endcaps. 
Similar  behavior  is  observed  for  all  PZT  ceramic  types.  The  linear  decrease  of  the 
displacement  with  the  increase  if  the  Young’s  modulus  of  the  metal  confirms  the  spring¬ 
like  nature  of  the  endcaps. 

Figure  10  shows  the  net  displacement  of  the  cymbal  actuators  made  with  different  metal 
endcaps.  The  net  displacement  is  the  displacement  produced  by  the  actuator  when  it  is 
electrically  driven.  If  the  actuator  is  loaded,  a  free  deflection  is  produced  and  at  each 
load,  the  application  of  an  electric  field  produced  a  net  displacement.  The  free 
deflection  of  the  composite  is  related  to  the  spring  characteristics  of  the  composite. 
Metals  with  low  modulus  of  elasticity  show  higher  displacement  and  higher  free 
deflection.  On  the  contrary,  the  maximum  load,  defined  as  the  load  for  which  90%  or 
the  initial  net  displacement  is  maintained,  increased  with  the  modulus  of  the  elasticity  of 
the  metal  endcaps. 
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Figure  10.  Trade-  offbetween  generative  force  and  displacement  for  the  cymbal. 

4.3  EFFECT  OF  ELECTRO-ACTIVE  CERAMIC  DRIVING  ELEMENT 

PZT  ceramics,  PMNPT  relaxor  ferroelectrics  and  PNZST  type  antiferro-ferroelectric 
ceramic  elements  can  be  used  in  single  layer  or  in  multilayer  form.  Typical 
displacement  hysteresis  graphs  of  12.7-mm  diameter  1-mm  thick  samples  made  of  all 
three  kinds  of  electro-active  ceramics  materials  are  shown  in  the  Figure  11. 
Displacement  hysteresis  for  the  cymbal  transducers,  12.7  mm  diameter  1.0  mm  PZT 
thickness,  and  9.0  mm  cavity  diameter  0.2  mm  cavity  depth,  fabricated  with  all  three 
kind  of  electro-active  ceramic  element  are  shown  in  Figure  12.  Cymbal  actuators  with 
soft  PZT  ceramics  exhibit  linear  displacement  with  a  rather  large  hysteresis,  which  is  the 
indication  of  losses.  The  cymbal  actuator  with  the  PMN-PT  type  of  ceramic  driving 
element  shows  larger  displacement  with  lower  losses.  However,  it  exhibits  a  nonlinear 
displacement  consistent  with  the  relaxor  characteristics  of  the  PMN-PT  ceramics.  Linear 
displacement  characteristics  can  be  achieved  by  using  charge  driving  electrical  circuitry. 
PNZST  is  an  antiferroelectric-ferroelectric  type  phase  transition  material.  Unique 
property  of  this  material  is  the  volumetric  expansion  under  applied  electric  field.  With 
cymbal  endcap  design,  this  volumetric  expansion  is  converted  to  a  negative  axial 
displacement. 

4.4  VARIOUS  DRIVING  MODES  TO  ACTIVATE  THE  CYMBAL  TRANSDUCER 

Poled  ferroelectric  ceramics  (Curie  groups  com)  possess  three  independent  piezoelectric 
coefficients;  d3i,  dsa,  and  du.  By  careful  designing,  each  of  the  piezoelectric 
coefficients  can  be  activated  as  the  driving  mode  of  a  composite  cymbal  or  moonie 
transducer. 


Displacement  (pm)  Displacement  (pm) 


Figure  11.  Hysteresis  of  various  electro-active 


ceramics. 


Figure  12.  Hysteresis  of  cymbals  with  various 
electro-active  ceramics. 
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Cymbal  transducers  can  be  fabricated  from  ring  shaped  ceramics  sandwiched  between 
truncated  metal  endcaps.  Polarization  and  electric  field  directions  of  the  samples  can  be 
altered  systematically  to  make  use  of  the  three  different  piezoelectric  coefficients  as 
driving  power.  Figure  13  shows  four  combinations  between  electric  field  and  internal 
polarization  of  the  ceramic  driving  element.  In  case  one,  the  radial  mode  daj  of  the 
piezoelectric  ceramic  element  is  used  to  activate  the  endcaps.  In  case  two,  the 
longitudinal  coefficient  dsj  is  used  to  activate  the  metal  endcaps.  The  shear  mode  djs  of 
the  piezoceramic  possesses  the  highest  value  piezoelectric  coefficient  value.  Cases  3  and 
4  are  designed  to  activate  the  ceramic  in  a  shear  mode.  Figure  14  shows  the 
displacement  versus  inner  ring  diameter  of  the  piezoelectric  driving  element  relation  of 
the  cymbal  transducer.  From  the  graph,  it  may  be  seen  that  the  ds,  mode,  which  exhibits 
the  highest  displacement,  is  still  the  best  mode  to  drive  the  cymbal  transducer. 
Although  di5  is  the  highest  piezoelectric  coefficient,  it  is  not  effective  for  driving  cymbal 
transducer  in  the  present  design.  It  has  to  be  kept  in  mind  that  the  shear  mode  is  a  rather 
soft  mode.  A  rigid  solid  disc  has  to  be  placed  between  the  rings.  In  general  increasing 
the  size  of  the  inner  diameter  decreases  the  displacement  value,  because  of  decreasing 
volume  of  the  ceramic  body  and  volumetric  efficiency  of  transducer.  From  the 
manufacturing  point  of  view,  case  1  is  the  best,  because  it  is  easy  to  fabricate  and  easy  to 
apply  electric  field  without  developing  a  short  circuit.  The  other  three  cases  are  more 
difficult  to  fabricate  and  requires  rather  careful  electric  wiring. 


CASE  1 


CASE  2 


Figure  13  Various  driving  modes  of  the  cymbal  transducer  with  a  ceramic  ring. 
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Figure  14.  FEA  results  for  displacement  ceramic  inner  diameter  relation. 

5.  Application  of  the  moonie  and  cymbal  transducers 

Moonie  and  cymbal  transducers  have  great  potential  for  both  sensor  and  actuator 
applications  [7],  [8].  They  can  also  be  utilized  as  the  switching  element  in  valve 
designs.  There  is  a  volume  change  inside  the  moonie  and  cymbal  transducers  during 
cycling.  This  volume  change  can  be  utilized  in  minipump  applications. 

5.1  ACTUATORS 

Flextensional  moonie  and  cymbal  actuators  with  their  moderate  generative  force  and 
displacement  values  fill  the  gap  between  multilayer  and  bimorph  actuators.  Each  solid- 
state  actuator  design  has  attractive  features  that  can  be  exploited  for  certain  applications. 
The  advantages  of  the  rhoonie  and  cymbal  actuators  are  the  easy  tailoring  of  the  desired 
actuator  properties  by  altering  the  cavity  size  and  endcap  dimensions.  Easy  fabrication 
is  another  advantage.  Several  features  of  the  various  solid-state  actuator  designs  are 
listed  in  Table  1.  It  is  rather  difficult  to  compare  the  different  actuators  because  of 
differences  in  geometry  and  various  operating  conditions  for  specific  applications.  To 
make  a  fair  comparison,  similar  dimensions  for  each  actuator  were  selected,  and  the 
measurement  conditions  are  those  specified  in  Table  I.  The  rainbow  actuator  also 
partially  covers  the  gap  between  multilayer  and  bimorph  actuators  [9].  For  that  type  of 
actuator,  a  reduction  step  during  processing  of  the  ceramic  element  at  high  temperature 
results  in  a  semiconducting  layer  and  stress-bias.  Although  it  shows  flexural  motion,  the 
rainbow  can  be  categorized  as  a  monomorph  or  a  unimorph  type  of  actuator.  The 
effective  coupling  factor  of  rainbow  is  theoretically  smaller  than  the  moonie  and  cymbal. 
High  applied  electric  field,  position-dependent  displacement  and  cost  are  the  main 
disadvantages  of  the  rainbow  actuator  in  comparison  with  the  cymbal.  In  the  moonie 
and  cymbal  design,  multilayer  piezoelectric  ceramics  can  be  used  as  the  driving  element 


to  reduce  the  applied  voltage.  The  moonie  and  cymbal  actuator  can  be  used  as  a 
micropositioner  for  applications  requiring  small  size  with  relatively  quick  response. 
OMRON  Corporation  has  already  succeeded  in  using  the  multilayer  moonie  actuator  for 
an  optical  scanner  [10].  Other  applications  for  the  cymbal  and  moonie  include  sensing 
and  vibration  suppression  elements  in  the  automotive  and  aerospace  industry,  switching 
element  in  valve  design,  micropositioners  requiring  small  size  with  relatively  quick 
response  for  precise  positioning  device  in  CD-ROM  and  magneto-optic  memory  storage 
driver,  mini-pumps,  relays,  and  switches,  printer  hammers,  and  linear  and  rotary 
ultrasonic  motors 

Table  I.  Comparison  of  the  Solid  State  Ceramic  Actuator  Designs. 


Features 


Multilayer 


Bimorph 


Rainbow 


Cymbal 


Moonie 


Dimensions 


5x5x12. 

(LxWxT) 

mm^ 


12.7x10x0. 
6  (LxWxT) 
mm^ 


F  12.7  mm 
T=  0.5  mm 


F  12.7  mm 
T=  1.7  mm 


F  12.7  mm 
T=  1 .7  mm 


Drive  Voltage 

_ QQ _ 


100 


100 


450 


100 


100 


Displacement 

(um) 


10 


35 


20 


40 


20 


Contact  surface 
(mm^) 


25 


Generative 
Force  (N) 


900 


0.5-1 


1-3 


15-60 


Position 
dependent  of 
displacement 


None 


Maximum 

at 

the  tip 


Maximum 

at 

the  center 


Maximum 

at 

the  center 
but 
more 
diffuse 


Maximum 
at  the  center 


Stability 
under  loading 


Very  high 


very  low 


low 


high 


low 


Fastest 

Response  Time 
(nsec) 


1-5 


100 


100 


5-50 


5-50 


Fabrication 

method 


Tape 

casting  and 
cofiring  at 
1200  °C 


Bonding 
ceramic 
element 
with  metal 
shim 


Reducing 
ceramic 
element 
at  950  ®C 


Bonding 
ceramic 
element 
with  metal 
endcaps 


Bonding 

ceramic 

element 

with 

metal 

endcaps 


Fabrication 

Cost 


high 


low 


medium 


low 


medium 
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5.2  HYDROPHONE  APPLICATION 

Because  of  their  very  high  piezoelectric  charge  coefficients,  moonie  and  cymbal 
transducers  can  be  used  as  hydrophones,  accelerometers  and  air  acoustic  transducers. 
The  advantages  of  the  cymbal-type  hydrophone  are  very  large  dh  (hydrostatic  charge) 
and  gh  (hydrostatic  voltage)  coefficients  along  with  lightweight  and  inexpensive 
fabrication.  Cymbal  also  has  excellent  potential  for  use  as  a  shallow  water  projector. 

Cymbal  has  a  Q  less  than  lO  when  water  loaded.  The  moderate  TVR  exhibited  by  a 
single  element  device  can  be  greatly  enhanced  by  incorporating  them  into  a  close  packed 
array  [11],  [12].  Hydrophone  figures  of  merit  (dh.gh)  of  some  of  the  widely  used 
composites  and  single  element  transducers  are  compared  in  the  plot  in  Figure  15.  Due 
to  the  size  dependence  of  some  transducers,  the  figure  of  merit  is  calculated  for  a  1-cm^ 
transducer  for  a  valid  comparison.  Cymbal  exhibits  the  highest  figure  of  merit  among 
all  composites.  Figure  16  shows  the  pressure  dependence  of  the  effective  dh  and  gh 
coefficient  of  identical  transducers  with  different  cap  materials  and  0.25  mm  cavity 
depth.  These  data  clearly  show  that  caps  made  of  stiffer  metals  are  capable  of 
withstanding  higher  pressures  without  degradation  in  performance.  Stiffer  caps  are  not 
as  efficient  in  transferring  stress  to  the  piezoceramic,  which  is  why  the  effective  dh 
coefficient  drops  for  cymbals  with  stiffer. 


Figure  15.  Hydrophone  figures  of  merit  (dh.gh)  of  some  of  the  widely  used  composites  and  single  element 

transducers. 

5.3.  ULTRASONIC  MOTOR  APPLICATION 

An  ultrasonic  motor  was  derived  from  moonie  and  cymbal  design  [13].  The  motor  is 
named  the  windmill  because  of  the  appearance  of  the  slitted  endcaps.  Detailed 
information  concerning  this  motor  can  be  obtained  from  the  article  of  K.  Uchino  and  B. 
Koc  “Compact  piezoelectric  ultrasonic  motors”  in  this  proceeding. 
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Figure  16.  The  pressure  dependence  of  the  effective  dh  and  gh  coefficienU  for  same  size  cymbal  transducers 

with  different  cap  materials. 

5.4  ACCELEROMETER  APPLICATION 

Cymbal  transducer  has  been  investigated  for  accelerometer  applications  [14].  A  high 
effective  piezoelectric  charge  coefficient  (das)  of  the  cymbal  transducer  was  observed 
around  15000  pC/N,  which  is  much  higher  than  that  of  piezoelectric  ceramic,  around 
550  pC/N.  With  this  feature,  the  cymbal  transducer  is  a  good  candidate  for  highly 
sensitive  accelerometer  applications.  Figure  17  shows  the  Log  sensitivity  frequency 
relation  of  cymbal  accelerometers  with  various  endcaps  in  comparison  with  PZT  itself. 
Cymbal  accelerometers  have  more  than  two  orders  of  magnitude  higher  sensitivity  than 
PZT  ceramics  at  low  fi-equencies. 


Figure  1 7.  Acceleration  sensitivity  of  cymbal  in  comparison  with  PZT  itself. 
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Abstract — The  cymbal  is  a  miniaturized  class  V  flexten- 
sional  transducer  that  was  developed  for  potential  use  as  a 
shallow  water  sound  projector  and  receiver.  Single  elements 
are  characterized  by  high  Q,  low  efficiency,  and  medium 
power  output  capability.  Its  low  cost  and  thin  profile  allow 
the  transducer  to  be  assembled  into  large  flexible  arrays. 
Efforts  were  made  to  model  both  single  element  and  trans¬ 
ducer  arrays  by  coupling  finite  element  analysis  (ATILA) 
and  the  integral  equation  formulation  (EQl).  The  pressure 
and  velocity  distributions  on  the  surface  elements,  were  cal¬ 
culated  by  ATILA  and  later  used  with  EQI  to  calculate 
the  far  field  properties  of  the  transducer  element  and  ar¬ 
rays.  It  eliminates  the  mesh  of  the  fluid  domain  and  makes 
the  3-D  model  of  a  transducer  possible.  Three-dimensional 
models  of  a  cymbal  transducer  and  a  3  X  3  cymbal  array 
were  developed  in  the  modeling.  Very  good  agreement  was 
obtained  between  modeling  and  measurement  for  single  el¬ 
ement  transducers.  By  coupling  finite  element  analysis  with 
the  integral  equation  method  using  boundary  elements, 
acoustic  interaction  effects  were  taken  into  account.  Rea¬ 
sonable  agreement  was  obtained  between  calculation  and 
measurement  for  a  3  X  3  array. 


assembling  arrays,  it.  always  is  desirable  to  have  the  trans¬ 
ducer  elements  close  packed  in  the  array  to  save  space. 
When  element-to-element  spacing  is  much  smaller  than 
the  acoustic  wavelength,  acoustic  interactions  occur  that 
lead  to  different  acoustic  loading  on  each  transducer  ele¬ 
ment,  depending  on  its  position  in  the  array  [3].  This  then 
results  in  significant  variations  in  the  volume  velocity  of 
each  array  element.  These  interactions  reduce  the  acoustic 
output  power  of  the  array  and,  in  some  extreme  cases,  a 
transducer  element  may  have  a  negative  radiation  resis¬ 
tance  and  absorb  acoustic  power.  However,  the  acoustic 
interaction  leads  to  increased  radiation  resistance,  there¬ 
fore  improving  the  radiation  efficiency  [4].  The  acoustic 
loading  effect  is  advantageous  in  the  case  of  cymbal  array 
because  it  improves  the  radiation  efficiency. 

The  objective  of  this  paper  is  to  characterize  the  cym¬ 
bal  as  an  underwater  transducer  and  attempt  to  model 
both  single  element  and  array  by  coupling  finite-element 
analysis  and  the  integral  equation  method. 


I.  Introduction 

The  cymbal  transducers  are  miniaturized  class  V  flex- 
tensional  transducers.  They  consist  of  a  piezoelectric 
disk  (poled  in  the  thickness  direction)  sandwiched  between 
two  “cymbal-shaped”  metal  end  caps.  The  metal  caps 
serve  as  a  mechanical  transformer  that  transform  the  high 
impedance,  small  extensional  motion  of  the  ceramic  into 
low  impedance,  large  flexural  motion  of  the  shell.  The  cym¬ 
bal  originally  was  designed  as  an  actuator,  which  provides 
a  sizable  displacement  as  well  as  moderate  generative  force, 
bridging  the  gap  between  the  two  most  common  actuators, 
bimorph  and  the  multilayer  [1].  It  was  later  proposed  [2] 
as  an  underwater  transducer  for  use  as  a  sound  projector 
and  hydrophone.  Because  the  cymbal  transducer  is  small 
compared  to  the  wavelength  in  water  around  resonance,  it 
has  modest  radiation  efficiency  as  a  sound  projector  and  a 
relatively  high  Q.  It  is  necessary  to  assemble  them  into  ar¬ 
rays  to  achieve  the  desired  source  level  and  directivity.  In 
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II.  Finite  Element  Modeling  of  an 
Underwater  Transducer 

The  finite-element  method  has  been  used  extensively 
in  modeling  complex  transducer  structures  for  more  than 
20  years.  Many  FEA  software  packages  are  commer¬ 
cially  available,  including  ANSYS  [5],  PZFLEX  [6],  and 
ATILA  [7],  The  ATILA  is  specially  designed  for  under¬ 
water  transducers,  which  take  into  account  the  coupling 
between  the  transducer  mechanical  structure  and  the  sur¬ 
rounding  medium.  In  modeling  underwater  transducers, 
two  approaches  usually  are  used. 

In  the  first  method,  a  finite  fluid  domain  is  modeled 
in  addition  to  the  mesh  of  the  solid  structure,  which  is 
adapted  from  the  ATILA  code.  Kinematic  and  dynamic 
continuity  conditions  are  imposed  at  the  interface  for  dis¬ 
placement  and  pressure  fields.  To  absorb  various  compo¬ 
nents  of  the  radiated  field,  damper  elements  are  applied  on 
the  external  surface  F  of  the  surrounding  fluid  domain  [8]. 
The  use  of  damper  elements  provides  detailed  information 
about  the  acoustic  near  field  properties. 

This  method  necessitates  the  modeling  of  the  fluid  do¬ 
main,  which  in  some  cases  leads  to  large  meshes  and  is  not 
well  suited  to  3-D  modeling.  A  second  method  is  to  model 
only  the  solid  structure  using  the  finite  element  method, 
then  couple  it  to  an  integral  equation  formulation  to  ac¬ 
count  for  the  acoustic  radiation  problems.  In  this  way  the 
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size  of  the  mesh  and  the  computation  time  can  be  sig¬ 
nificantly  reduced  [9],  By  coupling  the  finite  element  and 
integral  equation  (EQI)  methods,  transducer  arrays  can  be 
modeled. 

The  EQI  is  based  on  the  Helmholtz-Kirchhoff  Integral 
Equation,  which  is  expressed  as  [10]: 


r 


dG{r,  r') 
dn' 


dp{T') 

dn' 


G(r,r') 


1 


dr'  = 


f  a(r)p(r)/47r  reF 
p(r)  rdlf 


(1) 


where,  G(r,  r')  =  ^  ^  Green  function.  F  is  the 

external  surface  of  the  solid  structure,  f2/  is  the  infinite 
fluid  domain  surrounding  the  solid  structure,  r  is  a  point 
outside  F,  r'  is  a  point  on  F,  and  a(r)  is  the  solid  angle  at 
the  point  r. 

The  discretization  of  the  integral  equation  on  F  con¬ 
sists  of  dividing  the  external  surface  of  the  structure  into 
elements  interconnected  by  nodes.  On  each  element  the 
pressure  field  and  its  normal  derivative  are  connected  to 
the  nodal  values  by  an  interpolation  function.  Discretizar 
tion  leads  to  N  equations  with  N  unknowns,  where  N  is 
the  number  of  nodes  in  the  grid.  The  matrix  form  of  the 
system  is; 

=  (2) 

Matrices  [B]  and  [A]  come  from  the  integration  of  the 
Green  function,  and  their  normal  derivatives  are  com¬ 
puted  by  the  interpolation  functions.  The  vectors  {p}  and 
{dp/dn}  contain  the  nodal  pressures  of  the  system  and 
their  normal  derivatives.  The  displacement  vector  normal 
to  the  surface  is  given  by: 


=  pJ^Ur,{r).  (3) 

The  solution  of  the  linear  systems  provides  the  pressures 
at  the  nodes  of  the  surface,  from  which  the  pressure  at  any 
point  in  the  fluid  £lf  can  be  calculated. 

In  our  approach,  the  solid  structure  is  first  meshed  with 
special  surface  elements.  Through  harmonic  analysis,  the 
displacement  and  pressure  field  of  the  solid  structure  and 
the  surface  elements  can  be  computed  as  a  function  of 
frequency  using  the  finite  element  code  ATILA.  Then  by 
enforcing  kinematic  and  dynamic  continuity  conditions  at 
the  interface,  the  far  field  and  near  field  pressures  in  the 
fluid  domain  are  calculated  with  EQI. 


Piezokinetics  Inc.,  Bellefonte,  PA)  have  a  thickness  of 
1  mm  and  a  diameter  of  12.7  mm,  and  they  were  poled  in 
the  thickness  direction.  Titanium  sheets  of  0.25  mm  thick¬ 
ness  were  used  as  the  cap  material.  The  shaped  caps  had  a 
diameter  of  12.7  mm.  The  cavity  diameter  was  9.0  mm  at 
the  bottom  and  3.2  mm  at  the  top.  The  cavity  depth  was 
0.32  mm.  Two  different  epoxy  systems  were  used  in  this 
study.  One  is  a  high  bonding  strength  insulating  epoxy 
(Emerson  and  Cuming,  Billerica,  MA).  A  ratio  of  three 
parts  45  LV  epoxy  resin  to  one  part  15  LV  hardener  was 
used.  The  other  one  is  an  E-solder  conductive  epoxy  (Von- 
Roll  ISOLA,  New  Haven,  CT).  In  both  cases,  the  thick¬ 
ness  of  the  glue  layer  was  approximately  40  /xm.  In  the 
3x3  array,  the  element  center-to-center  spacing  was  kept 
at  15  mm. 

B.  Characterization  of  the  Cymbal  and  Arrays 

Underwater  calibration  tests  of  single  cymbals  were  per¬ 
formed  at  the  Applied  Research  Laboratory,  Penn  State. 
The  tank  measured  5.5  m  in  depth,  5.3  m  in  width  and 
7,9  m  in  length.  A  pure  tone  sinusoidal  pulse  signal  of  2- 
ms  duration  was  applied  to  the  test  transducer,  and  its 
acoustic  output  was  monitored  with  a  standard  F33  hy¬ 
drophone.  The  test  transducer  and  the  standard  were  po¬ 
sitioned  at  a  depth  of  2.74  m  and  separated  by  a  distance  of 
3.16  m.  The  mechanical  Q,  transmitting  voltage  response 
(TVR),  free-field  voltage  sensitivity  (FFVS),  and  directiv¬ 
ity  pattern  were  evaluated. 

In  the  underwater  test,  the  cymbal  transducer  and  array 
must  be  insulated  from  the  conductive  water  in  the  tank. 
In  addition,  the  array  has  to  be  rotated  to  observe  the  di¬ 
rectivity  pattern.  A  potting  technique  was  devised  for  the 
transducer  to  maintain  a  mechanically  free  condition  [11]. 
For  single  elements,  a  coaxial  cable  was  first  attached  to 
the  flange  of  the  metal  cap  using  silver  epoxy.  The  cymbal 
and  part  of  the  cable  then  were  potted  in  polyurethane 
with  a  thickness  of  about  0.5  mm.  The  polyurethane  layer 
insulated  the  cymbal  from  the  conductive  water  in  the  wa¬ 
ter  tank.  The  3x3  array  was  fixed  at  the  end  of  a  long 
plastic  tube  to  allow  rotation.  The  electrical  lead  wires 
passed  through  the  plastic  tube  and  were  connected  to  the 
measurement  system  at  the  other  end  of  the  tube.  The  di¬ 
ameter  of  the  tube  is  small  compared  to  the  wavelength  in 
water  so  it  does  not  interfere  with  the  acoustic  field  gen¬ 
erated  by  the  array.  The  potted  cymbal  transducer  and 
array  are  shown  in  Fig.  1. 


IV.  Results  and  Discussion 


III.  Experimental  Procedure 

A-  Fabrication  of  the  Cymbal  Transducer  and  Array 

The  detailed  fabrication  procedure  of  cymbal  trans¬ 
ducer  and  arrays  was  described  in  a  previously  pub¬ 
lished  paper  [11].  The  piezoelectric  ceramic  disks  (PKI402, 


A,  Single  Element 

Due  to  s3Tnmetry,  only  a  quarter  of  the  transducer 
structure  was  modeled.  There  are  symmetry  planes  across 
XOY  and  XOZ.  The  mesh  of  the  entire  structure  is  too 
complicated  to  see  any  details;  therefore,  only  the  mesh 
of  the  surface  element  of  the  cymbal  transducer  is  shown 
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(a)  single  element 


(b)  3x3  array 

Fig.  1.  Photographs  of  a  cymbal  transducer  and  a  3  x  3  array  potted 
in  polyurethane. 


Fig.  2.  Mesh  of  the  surface  elements  of  a  single  element. 


Fig.  3.  Comparison  of  experimental  and  calculated  TVR  of  a  single 
element.  Computation  did  not  include  the  epoxy  bonding  layer. 


in  Fig.  2.  The  symmetry  plane  XOY  is  grounded  and  1  V 
was  applied  to  the  upper  side  of  the  ceramic.  Because  1  V 
was  applied  to  a  thickness  of  0.5  mm,  which  is  half  of 
the  thickness  of  the  ceramic,  the  electric  field  was  actually 
1  V/0.5  mm  =  2  V/mm.  It  is  equivalent  to  an  applied 
voltage  of  2  V  for  a  1  mm-thick  ceramic.  Therefore,  what 
the  program  calculates  is  source  level  (SL).  To  obtain  the 
TVR,  the  following  equation  was  used: 

SL  =  TVR^2Q  log  V,  (4) 

Here  20  log  F  =  6.  Thus,  we  have  to  subtract  6  dB  from  the 
calculated  source  level  to  get  TVR.  For  the  same  reason, 
the  calculated  impedance  was  multiplied  by  two  to  get 
TVR  for  a  1  mm-thick  ceramic  disk. 

Because  the  epoxy  thickness  is  very  small  compared 
with  the  ceramic  and  the  caps,  we  initially  did  not  include 
the  epoxy  layer  in  the  model,  assuming  it  has  little  effect 
on.  the  transducer  performance.  Fig.  3  shows  the  calculated 
TVR  of  a  cymbal  transducer  compared  with  measurement. 
Without  modeling  the  glue  layer,  the  calculated  resonance 
frequency  was  about  20  kHz  compared  to  the  measured 
resonance  frequency  of  16.6  kHz.  The  considerable  differ¬ 
ence  in  resonance  frequency  suggests  that  the  epoxy  layer 
increases  the  effective  compliance  of  the  cymbal  structure 
substantially.  Therefore,  the  epoxy  layer  must  be  included 
in  the  model  even  at  the  cost  of  a  larger  mesh  and  consid¬ 
erably  increased  computation  time. 

In  the  next  step,  the  epoxy  layer  was  included  in  the 
modeling.  Its  thickness  was  assumed  to  be  40  /xm.  The 
calculated  TVR  is  shown  in  Fig.  4  and  compared  with  the 
measured  values.  A  nearly  perfect  match  was  obtained  over 
a  wide  frequency  range  from  10  kHz  to  80  kHz.  The  four 
peaks  at  20  kHz,  34  kHz,  53  kHz,  and  62  kHz  come  from 
the  resonance  of  the  air  bubbles  in  the  cured  polyurethane 
and  will  be  ignored  in  the  discussion.  The  major  peak  at 
17  kHz  in  the  TVR  curve  corresponds  to  the  first  fiexten- 
sional  mode  of  the  caps,  which  is  illustrated  in  Fig.  5(a). 
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Fig.  4.  Calculated  and  measured  TVR  of  single  cymbal  modeled  more 
accurately  with  the  bonding  layer. 


(a)  17kHz 


(b)  68kHz 

Fig.  5.  Displaced  shape  of  the  cymbal  transducer  at  frequency:  (a) 
17  kHz,  (b)  68  kHz. 


Fig.  6.  The  calculated  and  measured  impedance  of  a  cymbal  trans¬ 
ducer. 


Fig.  7.  Calculated  FFVS  of  cymbal  transducer  based  on  reciprocity. 

There  is  a  sharp  dip  at  about  68  kHz,  which  originates 
from  the  second  flextensional  mode  of  the  metal  caps.  As 
seen  from  the  vibration  mode  in  Fig.  5(b)  at  this  frequency, 
two  portions  of  the  cap  vibrated  out  of  phase.  The  pres¬ 
sures  from  different  portions  of  the  metal  caps  cancel  out, 
leading  to  a  sharp  drop  in  transmit  response. 

The  calculated  impedance  of  a  C5rmbal  transducer 
is  shown  in  Fig.  6  and  compared  with  the  measured 
impedance.  There  is  a  significant  difference  between  the 
measurement  and  modeling  at  low  frequencies.  Based  on 
reciprocity,  the  receive  response  of  the  cymbal  transducer 
was  calculated  from  the  calculated  TVR  and  impedance 
using  the  following  equation: 


TVR  =  FFVS  +  20  log  /  -  20  log \Z\  -h  354.  (5) 

Fig.  7  shows  the  calculated  FFVS  of  a  cymbal  trans¬ 
ducer  compared  with  measurement.  A  difference  of  about 
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Fig.  8.  Meshes  of  the  surface  elements  of  the  3x3  array.  The  center 
cymbal  is  in  the  lower  left. 

10  dB  exists  between  the  modeling  and  measurement.  To 
explain  the  discrepancies,  it  is  necessary  to  examine  the  ex¬ 
perimental  conditions.  In  the  modeling,  the  electric  field 
was  applied  directly  to  the  face  of  the  PZT  disk,  and  it 
does  not  “see”  the  epoxy  layer.  In  the  measurement,  the 
leads  were  connected  to  the  cap  instead  of  the  PZT  disk 
for  convenience.  The  insulating  epoxy  layer  sometimes  can 
cause  problems  because  of  poor  electrical  contact.  To  verify 
this  idea,  another  cymbal  transducer  of  the  same  materid 
and  cap  geometry  was  assembled  with  conductive  epoxy. 
The  electrical  leads  were  connected  to  the  flange  of  the  cap 
in  the  usual  way.  The  measured  impedance  and  FFVS  of 
the  modified  cymbal  are  shown  in  Fig.  6  and  Fig.  7,  re¬ 
spectively.  In  both  cases,  the  modeling  and  measurement 
agree  very  well.  It  is  clear  now  that  poor  electrical  con¬ 
tact  between  the  cap  and  ceramic  is  a  weak  point  in  the 
manufacture  of  a  cymbal  transducer.  This  problem  can  be 
solved  by  placing  the  epoxy  layer  under  compressive  stress, 
which  is  difficult  to  achieve  experimentally  and  may  com¬ 
plicate  the  design.  Use  of  conductive  epoxy  can  alleviate 
the  problem  by  an  order  of  magnitude.  Unfortimately,  the 
conductive  epoxy  usually  has  lower  bonding  strength  and 
is  not  good  for  high  power  transmission.  This  is  a  materials 
problem  requiring  further  attention. 

B,  Array  Modeling 


Frequency  (kHz) 


Fig.  9.  Predicted  TVR  of  a  3  x  3  cymbal  array  compared  with  mea¬ 
surement. 


Three  symmetry  planes  exist  for  the  3x3  array;  there¬ 
fore,  only  on^eighth  of  the  array  is  modeled.  Fig.  8  shows 
the  mesh  of  the  surface  elements. 

The  predicted  TVR  of  a  3  x  3  array  with  a  center-to- 
center  spacing  of  15  mm  is  shown  in  Fig.  9  and  compared 
with  the  measured  TVR  of  the  array.  In  both  modeling 
and  measurement,  the  peaks  associated  with  the  resonance 
have  disappeared  because  of  the  damping  associated  with 
acoustic  loading.  This  is  a  result  of  strong  acoustic  interac¬ 
tion  between  adjacent  transducers  at  resonance.  Although 
all  the  transducers  in  the  array  are  electrically  driven  in 
phase,  the  amplitude  and  phase  of  the  vibration  of  the 
transducers  are  very  different,  depending  on  their  location 
in  the  array.  The  calculated  displacement  of  the  dome  of 
transducers  in  the  array  is  shown  in  Fig.  10  and  compared 
with  that  of  a  single,  individual  element.  At  off-resonance 
frequencies,  the  displacement  of  transducers  in  the  array 
is  pretty  much  the  same  as  that  of  a  single  element.  At 
resonance,  the  displacement  of  the  center  transducer  in 
the  array  is  almost  two  times  larger  than  that  of  a  sin¬ 
gle,  individual  element  at  this  frequency.  Because  of  this 
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Fig.  10.  Calculated  displacement  of  transducers  in  the  array  and  of 
a  single,  individual  transducer. 

large  motion,  the  stress  in  the  ceramic  may  exceed  the  me¬ 
chanical  tolerance  and  destroy  the  ceramic.  In  addition  to 
mechanical  failure,  the  heat  generated  in  the  ceramic  due 
to  mechanical  and  dielectric  loss  may  depole  the  ceramic, 
leading  to  a  thermal  failure. 

Fig.  11  shows  the  calculated  displacement  field  of  trans¬ 
ducers  in  the  array  at  the  nominal  resonance  frequency 
(17  kHz).  The  corner  transducers  actually  vibrate  out  of 
phase  with  the  other  transducers  in  the  array.  The  pres¬ 
sures  from  different  transducers  partially  cancel  as  a  result 
of  out  of  phase  vibration.  The  net  effect  is,  the  resulting 
TVR  curves  are  flattened  around  its  nominal  resonance 
and  appear  to  have  a  broad  band  response. 

Another  consequence  of  array  interaction  is  the  im¬ 
proved  efficiency  of  a  3  x  3  cymbal  transducer  array  over 
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Fig.  11.  The  displacement  fields  of  the  transducer  in  the  3x3  array 
at  17  kHz  (nominal  resonance).  The  center  cymbal  is  in  the  lower 
right. 
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Fig.  12.  Measured  efficiency  of  a  single  cymbal  transducer  and  of  the 
potted  3x3  array. 


an  individual  cymbal  transducer.  This  is  shown  in  Fig.  12. 
The  array  has  an  efficiency  over  30%  around  nominal  reso¬ 
nance,  compared  with  the  very  small  efficiency  of  the  single 
cymbal  transducer. 

The  calculations  indicate  that  array  interaction  might 
be  disastrous  for  a  closely  packed  cymbal  array  driven  at 
the  nominal  resonance,  but  there  is  a  way  to  avoid  this 
problem.  Mutual  radiation  impedance  not  only  depends  on 
element-to-element  spacing  and  operational  wavelength,  it 
also  depends  on  the  acoustic  properties  of  the  transducer 
surfaces  and  the  shape  of  the  transducer  [3],  Instead  of  hav¬ 
ing  identical  transducers  in  the  array,  we  slightly  varied  the 
cavity  depth  of  the  transducers  in  the  array  so  that  the  sur¬ 
face  geometry  of  the  transducers  was  different.  The  cavity 
depth  of  the  center  transducer  was  maintained  at  0.32  mm, 
and  the  cavity  depths  for  the  corner  and  edge  transducers 
were  0.28  mm  and  0.36  mm,  respectively.  Fig.  13  shows  the 
calculated  displacement  of  the  dome  area  of  the  transduc¬ 
ers  in  the  array.  At  nominal  resonance  the  displacement 
of  the  center  transducer  in  the  array  was  greatly  damped 
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Fig.  13.  The  reduced  motion  of  transducers  in  the  array  as  a  result 
of  varying  the  surface  geometry. 
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Fig.  14.  Predicted  TVR  of  a  3  x  3  array  of  transducers  with  varied 
surface  geometry  compared  with  that  of  a  3  x  3  array  with  identical 
transducers. 


compared  with  its  displacement  in  an  array  of  identical 
transducers.  It  also  is  much  smaller  than  that  of  a  sin¬ 
gle,  individual  c3Tnbal.  Therefore,  by  slightly  varying  the 
surfeice  geometry  of  the  transducers  in  the  array,  the  vi¬ 
bration  velocities  of  the  transducers  in  the  array  become 
more  uniform,  even  at  resonance,  making  the  array  less 
subject  to  the  aforementioned  mechanical  and  thermal  fail¬ 
ure.  The  predicted  TVR  of  this  array  is  nearly  identical  to 
the  identical-transducer  array  shown  in  Fig.  14. 

As  shown  in  Fig.  9,  the  predicted  TVR  is  2  to  4  dB  lower 
than  the  measured  value  above  the  nominal  resonance  fre¬ 
quency.  This  discrepancy  is  believed  to  be  caused  by  the 
polymer  matrix  used  in  assembling  the  array.  The  potted 
array  structure  is  actually  very  similar  to  the  popular  1-3 
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Fig.  15.  Displacement  field  of  transducers  in  the  array  at  68  kHz, 

composite  and  has  a  similar  decoupling  effect  [12]  caused 
by  the  polymer  matrix.  As  in  the  1-3  composite,  the  ra¬ 
dial  motion  of  the  ceramic  disk  is  partially  suppressed  by 
the  polymer  matrix,  and  the  axial  motion  of  the  caps  is 
not.  Therefore,  the  negative  contribution  of  the  radial  mo¬ 
tion  to  the  sound  pressure  is  reduced.  Because  the  metal 
caps  of  the  cymbal  have  an  amplified  motion  in  the  axial 
direction,  the  effective  acoustic  impedance  in  the  axial  di¬ 
rection  is  reduced,  and  the  polymer  may  further  serve  as  a 
matching  layer  between  the  cap  and  water.  Therefore,  the 
energy  transfer  is  more  efficient  in  the  axial  direction  than 
in  the  lateral  direction  of  the  array.  The  decoupling  of  the 
lateral  motion  of  the  ceramic  from  the  axial  motion  and 
the  improved  acoustic  matching  layer  increase  the  output 
pressure  of  the  array. 

The  modeling  predicts  a  sharp  dip  in  the  TVR  curve  for 
3x3  array  at  68  kHz,  as  shown  in  Fig.  9.  This  corresponds 
to  the  sharp  dip  in  the  TVR  curve  for  a  single  element. 
The  displacement  pattern  of  the  array  at  this  frequency  is 
illustrated  in  Fig.  15.  At  this  frequency  all  the  transducers 
have  a  similar  vibration  mode  to  that  of  a  single  element. 
Therefore,  a  dip  in  the  TVR  curve  at  this  frequency  is 
expected,  but  we  did  not  observe  such  a  dip  in  the  mear 
sured  TVR.  Again,  the  discrepancy  may  be  ascribed  to  the 
polymer  matrix  that  alters  the  boundary  conditions  of  the 
transducer  elements  in  the  array.  Because  the  metal  caps 
are  in  close  contact  with  the  polymer  matrix,  the  two- 
nodal  point  line  mode  shown  in  Fig.  15  is  not  favorable 
and  tends  to  be  suppressed  by  the  polymer  matrix.  As  a 
result,  the  TVR  is  improved  in  this  frequency  range. 

The  vibration  mode  of  transducers  in  the  array  at 
80  kHz  is  shown  in  Fig.  16.  The  displacement  for  each 
transducer  in  the  array  is  essentially  the  same  with  the 
same  phase,  suggesting  little  array  interaction  at  this  fre¬ 
quency  as  a  result  of  large  spacing  to  acoustic  wavelength 
ratio  at  this  frequency. 

The  calculated  beam  patterns  of  the  3x3  array  in 
XOZ  plane  at  various  frequencies  are  shown  in  Fig.  17. 
The  acoustic  axis  is  the  OZ  direction.  At  frequencies  up  to 
80  kHz,  the  modeling  successfully  predicts  the  main  lobes 
and  the  side  lobes  in  addition  to  the  nulls  in  the  beam 
pattern. 


Fig.  16.  Displacement  field  of  transducers  in  the  array  at  80  kHz. 

The  effect  of  element  center-to-center  spacing  in  the  ar¬ 
ray  is  shown  in  Fig.  18,  At  low  frequencies  when  array  in¬ 
teraction  is  severe,  the  predicted  TVR  is  very  sensitive  to 
the  element  spacing.  At  the  nominal  resonance  frequency 
of  17  kHz,  the  TVR  of  the  array  increases  from  124  dB 
to  133  dB  when  the  element  spacing  is  increased  from 
13.5  mm  to  16  mm.  The  difference  is  9  dB  when  there 
is  a  change  in  spacing  of  only  2.5  mm.  At  higher  frequen¬ 
cies,  when  the  wavelength  is  of  the  same  order  of  the  size 
of  the  array  (40  kHz),  the  predicted  TVR  is  less  dependent 
on  the  spacing. 


V.  Summary 

The  coupling  of  finite  element  analysis  and  boundary  el¬ 
ement  method  provides  an  efficient  way  of  modeling  under¬ 
water  transducers  and  arrays.  For  a  single  cymbi  trans¬ 
ducer,  excellent  agreement  was  obtained  between  calcu¬ 
lation  and  measurement  using  this  technique.  The  thin 
epoxy  layer  used  to  glue  the  caps  to  the  ceramic  disk  has 
a  tremendous  effect  on  the  transducer  resonance  and  sen¬ 
sitivity.  It  is  necessary  to  include  the  epoxy  layer  in  finite 
element  calculations,  even  at  the  cost  of  fine  mesh  and  long 
computation  time. 

The  acoustic  interaction  in  the  array  was  analyzed  using 
the  program  EQI.  The  vibration  modes  of  the  transducers 
in  the  array  behave  very  differently  from  a  single,  individ¬ 
ual  transducer  at  low  frequencies  where  acoustic  interac¬ 
tion  is  important.  The  vibration  magnitude  and  phase  of 
the  transducers  are  strongly  affected  by  the  mutual  radia¬ 
tion  impedance,  which  is  dependent  on  surface  geometry  of 
the  transducers  and  their  locations  in  the  array.  As  the  op¬ 
erational  frequency  increases,  acoustic  interaction  becomes 
less  severe,  and  transducers  in  the  array  behave  more  like 
a  single,  individual  element.  In  addition  to  mutual  radi¬ 
ation  impedance,  the  vibration  of  the  transducers  in  the 
array  also  is  affected  by  the  polymer  matrix  used  in  assem¬ 
bling  the  array.  The  polymer  matrix  tends  to  suppress  the 
undesired  vibration  modes  and  improve  the  performance 
of  the  array.  The  combined  finite  element  analysis  and  in- 
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(a) 


Fig.  18.  Effect  of  element  center-to-center  spacing  on  the  predicted 
TVR  of  a  3  X  3  array. 


tegral  equation  method  appear  to  be  an  effective  way  of 
modeling  both  single  element  transducers  and  arrays. 
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Alistract 

A  prototype  3x3  planar  cymbal  transducer  array  was  built  and  tested.  The  array  has  a  radiating  area  of  5.5  cm  x  5.5  cm  and 
a  thickness  of  less  than  8  mm.  The  measured  transmitting  voltage  response  was  above  134  dB  re  1  jiPa/V  @  1  m  and  flat  over  the 
frequency  range  of  16  and  100  kHz.  Array  interaction  was  analyzed  using  an  equivalent  circuit  modeL  The  array  interaction  leads 
to  variations  in  radiation  resistance  and  velocity  of  the  transducers  in  the  array  according  to  their  surroundings  in  the  array.  The 
effect  is  enhanced  overall  efficiency  and  a  flat  response.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Array  modeling;  Flextensional  transducer;  Sound  projector;  Transducer  array;  Underwater  sound;  Underwater  transducer 


1.  Introduction 

The  cymbal  transducer  was  developed  by  Newnham 
et  al.  in  die  early  1990s  [1].  It  evolved  from  the  commer¬ 
cially  successful  moonie  patent  [2].  The  moonie  and 
cymbal  transducers  consist  of  a  piezoelectric  disk  (poled 
in  the  thickness  direction)  sandwiched  between  two 
metal  end  caps.  The  caps  contain  a  shallow  cavity  on 
their  inner  surface.  The  presence  of  the  cavities  allows 
the  caps  to  be  used  as  a  mechanical  transformer,  which 
transforms  the  high  impedance,  small  extensional 
motion  of  the  ceramic  into  low  impedance,  large  flexural 
motion  of  the  shell.  According  to  the  shape  of  the  metal 
caps,  this  structure  is  a  small  Class  V  flextensional 
transducer  [3].  Compared  to  the  traditional  flextensio¬ 
nal  transducers,  which  have  a  complicated  design,  are 
usually  assembled  by  hand  and  are  therefore  expensive, 
the  fabrication  process  of  the  moonie  and  cymbal  is 
very  simple,  easy  and  inexpensive  to  mass-produce. 

The  cymbal  was  originally  designed  as  an  actuator, 
which  provides  a  sizeable  displacement  as  well  as  a  large 
generative  force,  bridging  the  gap  between  the  two  most 
common  actuators,  bimorph  and  the  multilayer  [4].  It 
was  later  proposed  [5]  by  Newnham  et  al.  as  an  under¬ 
water  transducer,  as  both  sound  projector  and 
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hydrophone.  As  a  sound  projector,  the  cymbal  trans¬ 
ducer  is  attractive  in  its  low  weight,  low  cost  and  thin 
profile  and  its  ability  to  produce  medium  to  high 
output  power. 

Since  the  cymbal  transducer  is  small  compared  to  the 
wavelength  in  water  around  resonance,  it  has  a  very  low 
radiation  resistance  and  a  relatively  high  radiation  reac¬ 
tance,  which  means  that  the  transfer  of  radiated  acoustic 
power  from  the  surface  of  the  radiator  to  the  water  is 
very  inefficient.  Since  the  overall  efficiency  is  the  product 
of  ffie  radiation  and  mechanical  transduction  efficiencies, 
the  cymbal’s  overall  efficiency  would  also  be  low,  even 
if  the  mechanical  transduction  rate  is  high  [6].  The  high 
Q  and  low  efficiency  of  the  cymbal  transducer  make  it 
difficult  for  the  cymbal  transducer  to  find  practical 
applications,  and  it  is  necessary  to  assemble  them  into 
arrays  to  achieve  the  desired  source  level  and  directivity. 
In  assembling  arrays,  it  is  always  desirable  to  have  the 
transducer  elements  close  packed  in  the  array  to  save 
space. 

It  is  well  known  that  in  closely  packed  arrays,  acoustic 
interactions  occur  that  lead  to  different  acoustic  loading 
on  each  transducer  element,  depending  on  its  position 
in  the  array  [7].  This  then  results  in  significant  variations 
in  the  volume  velocity  of  each  array  element.  These 
interactions  reduce  the  acoustic  output  power  of  the 
array,  and  in  some  extreme  cases,  a  transducer  element 
may  have  a  negative  radiation  resistance  and  absorb 
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acoustic  power.  The  acoustic  interactions  are  especially 
serious  when  the  transducer  elements  are  small  com¬ 
pared  to  the  wavelength  and  if  they  have  a  high  effi¬ 
ciency.  Since  the  single  cymbal  transducer  has  a  low 
overall  efficiency,  array  interactions  may  not  pose  any 
serious  problems  in  cymbal  arrays. 

The  objectives  of  this  work  were  to  design  a  planar 
cymbal  transducer  array,  initially  a  planar  array,  and  to 
model  and  understand  the  array  element  interaction  in 
order  to  optimize  the  array  performance.  The  informa¬ 
tion  gathered  here  will  be  used  to  design  larger  confor¬ 
mal  arrays  for  underwater  vehicle  applications. 


2.  Experimental 

2.1.  Single  element 

The  piezoelectric  ceramic  disks  (PKI402, 
Piezokinetics,  Bellefonte,  PA)  have  a  thickness  of  1  mm 
and  a  diameter  of  12,7  mm.  The  PZT  disks  were  poled 
in  the  thickness  direction.  The  silver  electrodes  on  the 
PZT  disks  were  first  ground  with  sandpaper  to  remove 
the  oxide  layer  and  then  cleaned  with  acetone.  Titanium 
caps  were  punched  from  Ti  foil  of  0.25  mm  thickness 
and  shaped  using  a  special  die.  The  shaped  caps  had  a 
diameter  of  12.7  mm.  The  cavity  diameter  was  9.0  mm 
at  the  bottom  and  3.2  mm  at  the  top.  The  cavity  depth 
was  0.32  mm.  The  flanges  of  the  Ti  caps  were  groimd 
using  sandpaper.  The  caps  were  then  bonded  to  the 
piezoelectric  ceramic  disk.  The  bonding  material  was  an 
Emerson  and  Cuming  insulating  epoxy.  A  ratio  of  three 
parts  45  LV  epoxy  resin  to  one  part  15LV  hardener' was 
used.  The  thickness  of  the  epoxy-bonding  layer  was 
approximately  20  [om.  The  entire  assembly  was  kept 
under  uniaxial  stress  in  a  special  die  for  24  h  at  room 
temperatme  to  allow  the  epoxy  time  to  cure. 

2.2,  Array  fabrication 

Single  element  cymbal  transducers  were  incorporated 
into  a  3  X  3  square  planar  array.  Each  element  has  a 
center-to-center  spacing  of  13.5  mm.  Two  different 
schemes  were  proposed. 

2.2.1.  PC  board  technique 

The  nine  cymbals  were  sandwiched  between  two 
copper-clad  PC  boards  each  1.5  mm  thick.  Holes  11  mm 
in  diameter  were  drilled  equidistant  from  one  another 
through  the  boards.  Each  element  had  a  center-to-center 
spacing  of  13.5  mm.  Plastic  posts  1.5  mm  thick  were 
used  to  maintain  a  uniform  distance  between  the  upper 
and  lower  panels,  wiiich  were  screwed  together  tightly 
to  keep  the  transducers  in  place.  The  elements  were 
electrically  in  parallel  due  to  the  PC  board  configuration. 


(a) 


Fig.  1.  Two  arrays:  (a)  the  cymbals  were  sandwiched  between  two  PC 
boards;  (b)  the  cymbals  were  potted  in  polyurethane. 


2.2.2.  Direct  potting  technique 

The  elements  in  the  array  were  connected  electrically 
in  parallel  using  very  fine  electrical  wire.  Conductive 
epoxy  was  used  to  bond  the  wire  to  the  flange  of  the 
cymbal  transducers.  The  assembled  cymbal  transducer 
array  was  then  potted  in  polyurethane  with  hardness 
Shore-A  90.  Pictures  of  the  two  arrays  are  shown 
in  Fig.  1. 

Underwater  calibration  tests  of  cymbal  transducers 
were  performed  at  the  Applied  Research  Laboratory  at 
Penn  State.  The  tank  measured  5.5  m  in  depth,  5.3  m  in 
width  and  7.9  m  in  length.  A  pure  tone  sinusoidal  pulse 
signal  of  2  ms  duration  was  applied  to  the  test  trans¬ 
ducer,  and  its  acoustic  output  was  monitored  with  a 
standard  F33  transducer  used  as  a  hydrophone.  The  test 
transducer  and  the  standard  were  positioned  at  a  depth 
of  2.74  m  and  separated  by  a  distance  of  3.16  m.  The 
parameters  measured  were'lransmitting  voltage  response 
(TVR),  free-field  voltage  sensitivity  (FFVS),  and  direc¬ 
tivity  pattern. 


3.  Array  modeling 

A  transducer  can  be  represented  by  an  ABCD  transfer 
matrix,  which  relates  input  voltage  and  current,  and  the 
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output  force  and  velocity  in  the  form  [8]: 


C,  Dj 


(1) 


where  e  and  i  are  voltage  and  current  at  the  electrical 
terminal,  and  /  and  v  are  the  force  and  velocity  at  the 
mechanical  (acoustical)  terminals,  respectively  (/=1  to 
N,  N  is  the  number  of  transducers  in  the  array). 

By  definition,  the  force  on  the  yth  transducer  is 


fj=i  (2) 

m=l 

where  is  the  mutual  impedance  matrix,  which  can 
be  calculated  from  the  Pritchard  approximation  [9]. 

Substituting  Eq.  (2)  into  Eq.  (1),  we  obtain  2iV  linear 
equations.  By  solving  this  linear  system,  the  velocities 
of  each  transducer  in  the  array  were  obtained. 

The  ABCD  parameters  could  be  calculated  from 
lumped  equivalent  circtut  parameters.  An  equivalent 
circuit  of  the  cymbal  transducer  is  shown  in  Fig.  2. 
Here,  Co  is  the  clamped  capacitance,  and  iV  is  the 
electromechanical  turns  ratio.  C  represents  the  mechan¬ 
ical  compliance,  M  the  dynamic  mass,  and  R  the 
mechanical  impedance.  In  calculating  the  ABCD  para¬ 
meters,  an  effective  radiating  area  was  required  and  was 
taken  to  be  the  surface  area  of  the  caps;  The  equivalent 
circuit  p2irameters  of  the  cymbal  transdticer  are: 

Cq:  clamped  capacitance,  2.02nF 
C:  comphance,  9.9  x  10“®  m/N 
M:  d3mainic  mass,  8.25  g. 

The  program  ‘ARRAY’  [10],  developed  by  J.L. 
Butler,  was  used  to  calculate  the  mutual  impedance 
matrix  and  the  velocities  of  the  transducers  in  the  array. 


4.  Results  and  discussion 

The  TVRs  of  the  two  3x3  arrays  with  different 
mounting  schemes,  the  direct  potting  and  PC  board 
case,  are  shown  in  Fig.  3.  The  direct  potting  array  has 
a  significantly  higher  TVR  than  its  counterpart  made 
with  PC  board.  The  transmit  response  was  also  flatter 
over  the  frequency  range  of  interest  because  the  PC 
boards  impose  an  anisotropic  stress  on  the  flange  of  the 
cymbal  transducer  and  partially  clamp  it,  as  it  did  for 
the  single  cymbal  [11].  This  clamping  results  in  lowered 
TVR  and  spurious  peaks  in  the  transmit  response.  In 


1 :  N 


Fig.  2.  Equivalent  circuit  of  the  cymbal  transducer. 


Fig.  3.  Measured  transmitting  voltage  response  of  3  x  3  arrays  assem¬ 
bled  in  two  different  mounting  schemes. 

addition,  the  PC  boards  lead  to  abnormal  beam  patterns 
over  the  frequency  range  of  interest.  Fig.  4'  and  Fig.  5 
show  the  measured  beam  patterns  of  the  two  arrays 
along  with  predicted  beam  pattern.  In  the  calculation, 
we  assumed  the  cymbal  transducer  functions  as  a  point 
source.  This  assumption  was  valid  since  a  single  cymbal 
transducer  under  free  conditions  is  omnidirectional  up 
to  60  kHz  [11].  At  frequencies  below  the  resonance 
frequency,  15  kHz,  each  array  shows  near  omnidirec¬ 
tional  beam  patterns  and  agrees  well  with  the  calcula¬ 
tion.  As  the  frequency  was  increased,  the  detrimental 
effect  of  the  PC  board  was  seen  clearly  as  low  as  30  kHz. 
The  beam  patterns  of  the  PC  board  sandwiched  array 
shows  asymmetric  and  distorted  beam  patterns  at 
30  kHz  and  above.  However,  the  beam  patterns  of  the 
potted  array  were  symmetric  and  agreed  well  with  the 
calculation,  particularly  for  the  main  lobes.  As  no 
additional  boundary  conditions  were  imposed  on  the 
transducers  in  assembling  of  the  array,  the  beam  patterns 
of  the  potted  array  were  predictable,  which  is  of  great 
advantage  in  the  design  of  large  sonar  transducer  arrays. 

The  introduction  of  a  polytirethane  coating  along 
with  the  thin  profile  and  smull  size  of  the  cymbal 
transducer  also  makes  it  possible  to  build  a  flexible 
array  from  the  cymbal  transducers.  It  can  then  be  bent 
to  make  a  conformal  cylindrical  array,  which  can  be 
wrapped  around  the  shell  of  underwater  vehicles. 

The  direct  potting  array  removes  any  possible  inter¬ 
ference  from  fixmres,  racing  an  ideal  geometry  for 
array  analysis.  The  cymbal  is  much  smaller  than  a 
wavelength  at  resonance,  validating  the  use  of  the 
Pritchard  approximation  to  calculate  the  mutual  radia¬ 
tion  impedance.  In  the  array  modeling,  the  cymbal 
transducer  was  modeled  as  a  dual  piston,  since  the 
cymbal  has  two  caps.  The  equivalent  circuit  parameters 
used  here  were  all  measured  except  for  the  electrome¬ 
chanical  turns  ratio.  The  turns  ratio  was  calculated  from 
ATILA  and  is  a  function  of  frequency.  In  this  case,  a 
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(b) 


(c) 


(a)  lOkHz  (b)30kHz  (c)50kHz 

Fig.  4.  Beam  patterns  of  the  3  x  3  array  with  PC  board. 


value  of  0.11  N/V  was  adopted  for  the  resonance  fre¬ 
quency  around  17  kHz.  Fig.  6  shows  the  calculated  TVR 
of  a  single  cymbal  transducer.  A  reasonable  agreement 
between  the  measurement  and  calculation  was  obtained 
around  resonance,  validating  the  use  of  these  equivalent 
circuit  parameters.  Fig.  7  shows  the  calculated  TVR  for 
the  3x3  planar  array;  a  reasonable  agreement  was 
obtained  between  the  calculation  and  the  experiments 
near  resonance. 

Wlien  a  transducer  is  assembled  in  an  array,  the 
radiation  loading  on  each  individual  source  is  different, 
depending  on  its  position  in  the  array.  The  single 
transducer  adjusts  by  changing  its  velocity.  In  the  3  x  3 
array,  the  transducers  were  grouped  into  three  categories 
due  to  the  symmetry  of  the  array,  as  shown  in  Fig.  8. 

The  normalized  radiation  resistance  (relative  to  that 


of  a  single  element)  of  each  group  of  transducers  in  the 
array  is  shown  in  Fig.  9.  Near  resonance,  the  normalized 
radiation  resistance  of  all  three  groups  of  transducers  is 
greater  than  unity.  As  expected,  the  radiation  resistance 
of  the  center  transducer  oscillates  the  most  with  fre¬ 
quency,  with  quite  a  low  radiation  resistance  below 
resonance.  This  is  where  the  center  transducer  might 
have  a  negative  radiation  resistance.  Fortunately,  the 
single  cymbal  transducer  has  a  low  overall  efficiency, 
and  does  not  possess  a  negative  value  in  this  array.  As 
frequency  increases,  the  radiation  resistance  of  the  trans¬ 
ducers  decreases  and  approaches  unity,  indicating  less 
array  interaction  at  high  frequencies.  Fig.  10  shows  the 
velocities  ot  the  three  types  of  transducers  near  the 
resonance  frequency.  The  velocities  are  normalized  rela¬ 
tive  to  the  velocity  of  a  separate,  single  cymbal 
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(a)  15kHz  (b)40kHz  (c)  60kHz 
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Fig,  5.  Beam  patterns  of  the  potted  3x3  array  {— :  measured;  -  -  calculated). 
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transducer.  Due  to  the  increase  in  radiation  compared 
to  a  single  transducer,  the  velocities  of  all  three  groups 
were  smaller  than  that  of  a  single  cymbal  transducer 
with  no  acoustic  loading.  The  Group  A  transducer  has 
the  smallest  velocity  since  it  has  more  surrounding 
transducers  than  the  other  groups  and  ‘feels  more  acous¬ 
tic  loading'.  Another  consequence  of  this  mutual  radia¬ 
tion  resistance  in  the  array  is  the  much  higher  efficiency 
of  an  individual  cymbal  transducer.  This  is  shown  in 
Fig.  11.  The  array  has  an  efficiency  over  30%  for  this 
small  array,  compared  to  the  very  small  efficiency  of  the 
single  cymbal  transducer. 

Fig.  12  shows  the  normalized  velocity  of  tlae  Group 
A  transducer  plotted  as  a  function  of  spacing  between 
elements.  At  a  spacing  of  15  mm.  the  velocity  of  the 
Group  A  transducer  in  the  array  is  only  10%  of  that  of 


a  sih^e  transducer,  indicating  a  strong  acoustic  inter¬ 
action  at  a  small  spacing.  Although  the  strong  inter¬ 
action  at  this  spacing  results  in  small  TVR  values  around 
resonance  frequency,  it  flattens  the  transmit  response  of 
the  array,  as  shown  in  Fig.  13.  A-s  the  spacing  increases, 
the  normalized  velocity  variations  among  the  three 
group  transducers  decrease  and  approach  unity,  indicat¬ 
ing  less  array  interaction.  As  a  result  of  this,  the  pre¬ 
dicted  peak  value  of  the  3  x  3  array  increases  at  the  cost 
of  losing  the  flat  TVR  response. 

5.  Conclusions 

In  assembling  arrays,  care  must  be  taken  not  to 
introduce  additional  mechanical  boundary  conditions. 
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Fig.  6.  Calculated  and  experimental  transmitting  voltage  response  of 
a  single  cymbal  transducer  from  the  equivalent  circuit  model. 


Fig.  9.  Normalized  radiation  resistance  of  the  transducers  in  the 
3x3  array. 


I 

I 
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Fig.  7.  Calculated  transmitting  voltage  response  of  the  potted  3x3 
array  using  the  equivalent  circuit  model. 


Fig,  10.  Normalized  velocity  of  transducers  in  the  array,  depending  on 
their  surroundings. 


The  direct  potting  technique  of  mounting  cymbal  trans¬ 
ducers  in  the  array  does  not  complicate  the  mechanical 
boundary  conditions  of  the  transducer  in  the  array  and 
gives  more  predictable  beam  patterns.  The  TVR  for  the 
direct  potted  array  exceeds  134  dB  re  1  (iPa/V  @1  m 
and  is  flat  over  the  frequency  range  of  interest.  A  simple 
equivalent  circuit  model  was  successfully  used  to  analyze 
the  array  interaction  in  a  small  square  array.  The 
velocities  of  the  transducer  decrease  significantly  near 

ooo 

o©o 

©©o 


Fig,  8.  Group  A,  B,  C  transducers  in  the  array. 


Fig.  1 1.  Measured  efficiency  of  a  single  cymbal  transducer  and  of  the 
potted  3x3  array. 
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Group  A  Transducers 


Fig.  12.  Normalized  velocity  of  group  A  transducers  as  a  function  of 
frequency  and  spacing. 


resonance  compared  to  a  single  element,  depending  on 
the  spacing  between  the  elements  and  their  surroundings. 
The  array  interaction  works  to  its  advantage  in  the  sense 
that  it  flattens  the  transmit  response  around  the  reso¬ 
nance  frequency,  and,  more  importantly,  it  enhances  the 
efficiency  of  the  array. 
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Abstract 

The  ‘‘double-driver”  cymbal,  a  directional  class  V  flextensional  transducer,  is  described  in  this  paper.  Its  basic  structure  is  a 
bilaminar  piezoelectric  disk  with  metal  caps  as  mechanical  transformers  and  amplifiers.  The  directivity  was  accomplished  by  exciting 
the  double-driver  in  a  combined  flexural  and  bending  mode  causing  the  sound  pressure  to  add  in  one  direction  and  cancel  in  the 
opposite  direction.  The  cardioid  beam  pattern  predicted  by  finite  element  modeling  agreed  well  with  the  experimental  measurements. 
A  3  X  3  double-driver  array  was  constructed  to  demonstrate  that  under  optimal  conditions  the  array  can  provide  a  directional  beam 
pattern  with  a  front-to-back  ratio  of  more  than  20  dB.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  43.30.Yj;  43.30.-k 

Keywords:  Underwater  transducer;  Sound  projector;  Flextensional  transducer;  FEA  modeling;  Underwater  sound 


1.  Introduction 

Flextensional  transducers  were  first  developed  in  the 
1920s  and  have  been  used  as  underwater  transducers 
since  the  1950s  [1].  They  consist  of  an  active  piezoelectric 
or  magnetostrictive  drive  element  and  a  mechanical  shell 
structure.  The  shell  is  used  as  a  mechanical  transformer 
which  transforms  the  high-impedance,  small  extensional 
motion  of  the  ceramic  into  a  low-impedance,  large 
flexural  motion  of  the  shell.  According  to  the  shape  of 
the  shell,  flextensional  transducers  have  been  divided 
into  seven  classes  [2],  During  the  past  decade,  two 
miniaturized  versions  of  the  class  V  flextensional  trans¬ 
ducer,  called  the  moonie  and  cymbal  were  developed  at 
the  Materials  Research  Laboratory  at  the  Pennsylvania 
State  University  [3,4].  The  moonie  and  cymbal  are  small 
in  size,  similar  to  common  coins  in  appearance,  with  a 
thin  profile  and  small  weight.  Most  important  of  all, 
their  bounding  and  fabrication  process  are  very  simple, 
which  makes  them  inexpensive  and  easy  to  mass-pro¬ 
duce. 
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The  moonie  and  cymbal  transducers  consist  of  a  pi¬ 
ezoelectric  ceramic  disk  poled  in  the  thickness  direction 
and  sandwiched  between  two  metal  end  caps.  The  caps 
contain  a  shallow  cavity  under  their  inner  surface.  The 
presence  of  the  cavities  allows  the  caps  to  convert  and 
amplify  the  small  radial  displacement  of  the  disk  into  a 
much  larger  axial  displacement  normal  to  the  surface  of 
the  caps.  When  operated  underwater  this  contributes  to 
a  much  larger  acoustic  pressure  output  than  would  oc¬ 
cur  in  the  uncapped  ceramic. 

The  standard  moonie  and  cymbal  transducers,  along 
with  all  other  types  of  flextensional  transducers,  are 
generally  small  compared  to  the  wavelength  of  sound 
in  the  usable  frequency  range,  usually  near  their  first 
resonance  frequency.  In  addition,  most  of  the  radiat¬ 
ing  surface  area  of  the  shells  moves  in  phase,  thus  the 
resulting  acoustic  radiation  pattern  is  nearly  omnidi¬ 
rectional  resembling  an  acoustic  monopole.  The  omni¬ 
directional  characteristics  of  flextensional  transducers 
create  significant  problems  in  projection  transducers 
and  arrays  designed  to  transmit  in  one  direction.  At  the 
present  time,  large  baffles  are  used,  or  rows  of  trans¬ 
ducers  are  carefully  arranged  and  phased,  to  produce 
the  desired  beam  patterns.  This  is  expensive,  time- 
consuming  and  cumbersome.  To  overcome  this  problem 
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Fig.  1 .  The  driving  schemes  of  the  double-driver  cymbal  transducer, 
(a)  Monopole  (in  phase,  same  amplitude),  P'b  =  =  Kn,  =  0.  (b) 

Dipole  (out  of  phase,  same  amplitude),  Fb  =  -Fd,  Ff  =  Kj,  (p  =  n. 
(c)  Cardioid,  V^/Vf  =  (1  -R)/{\  +  /?),  where  R  =  TVRn,/TVRd,  0  < 

<P  <  7C. 


a  method  has  been  proposed  to  generate  a  directional 
beam  from  a  class  IV  flextensional  transducer  by  excit¬ 
ing  both  an  extensional  mode  and  the  a  bending  mode 
simultaneously  [5]. 

This  same  idea  has  been  incorporated  in  the  double- 
driver  cymbal  described  in  this  paper.  A  prototype 
model  was  constructed  from  two  PZT  disks  poled 
through  the  thickness  and  bonded  together  with  oppo¬ 
site  polarization  to  form  a  common  ground.  Then  the 
back-to-back  transducers  were  sandwiched  between  two 
metal  caps.  To  shape  the  beam  pattern,  the  outer  elec¬ 
trodes  are  driven  with  different  voltages  and  phases  as 
illustrated  in  Fig.  1. 


directivity  pattern  which  has  only  one  maximum.  If  the 
output  from  the  dipole  mode  is  added  to  the  output 
from  a  monopole  of  equal  transmitting  voltage  re¬ 
sponse,  the  resulting  beam  pattern  is  a  cardioid  curve 
with  a  single  maximum  [6].  The  cancellation  procedure 
follows  the  method  outlined  in  Ref.  [5]. 

The  complex  drive  conditions  shown  in  Fig.  Ic 
combine  the  two  modes  to  obtain  the  directional  mode. 
Kf  is  the  electric  field  on  the  front  side  (up)  and 
represents  the  electric  field  on  the  back  side  (down). 
and  Fd  are  the  driving  fields  associated  with  the 
monopole  and  dipole  drive  conditions. 


(1) 

1 

11 

(2) 

K_l-r 

Vf~l+r 

(3) 

where  r  =  Fd/F^. 

TVR  is  related  to  the  voltage  by  TVRb  —  Ph/Vb  and 
TVRf  =  Pf/Ff,  where  p  is  the  measured  sound  pressure. 
To  cancel  the  sound  pressure  completely  in  the  back 
side,  the  pressure  amplitudes  should  be  equal,  leading  to 


Vb^l^R 
Ff  14-R 


(4) 


where  R  =  TVR„/TVRd. 

The  complex  ratio  R  is  determined  from  the  measured 
monopole  and  dipole  constant  voltage  transmitting 
responses.  The  equation  gives  the  ratio  of  the  voltages 
and  the  phase  lag  cp  on  each  side  of  the  double-driver 
cymbal. 


2,  Principle  of  operation 

A  directional  beam  pattern  was  achieved  through  the 
cancellation  of  sound  pressure  in  one  direction  (back 
side)  and  addition  in  the  opposite  direction  (front  side). 
This  is  accomplished  by  exciting  the  double-driver  in  a 
combined  flexural  and  bending  motion. 

When  the  two  sides  of  the  double  disk  are  driven  in 
phase  with  the  same  electric  field  (Fb  =  Ff)  as  shown  in 
Fig.  la,  a  pure  flextensional  mode  is  excited,  and  a  near 
omnidirectional  beam  pattern  (monopole)  is  obtained. 
To  excite  the  dipole  mode  (bending  mode  of  the  double¬ 
driver),  the  two  transducers  are  driven  with  the  same 
electric  field  but  with  a  phase  difference  of  1 80°  (Fig.  lb). 

In  the  dipole  mode  (bending  mode)  of  the  double- 
driver  cymbal,  the  transmit  voltage  response  (TVR) 
showed  two  maxima  in  opposite  directions  (front  and 
back),  but  the  phase  of  the  TVR  output  from  one  lobe  is 
opposite  to  that  from  the  other.  When  combined  with 
the  omnidirectional  mode,  this  can  be  used  to  generate  a 


3.  Computer  simulation 

The  finite  element  analysis  code  ATILA  was  used  in 
modeling  the  performance  of  the  double-driver  cymbal 
transducer.  ATILA  was  developed  at  the  Acoustics 
Department  at  Institut  Superieur  d’Electronique  du 
Nord  (ISEN)  to  model  underwater  transducers  and  has 
been  used  successfully  in  the  simulation  of  flextensional 
transducers  [7].  Modal  analysis  was  carried  out  to  de¬ 
termine  the  vibration  modes,  their  resonance  and  anti¬ 
resonance  frequencies,  and  associated  coupling  factors. 
Through  harmonic  analysis,  the  in-air  and  in-water 
impedance  and  displacement  field  can  be  computed  as  a 
function  of  frequency,  together  with  the  TVR,  free  field 
voltage  sensitivity  and  the  directivity  patterns.  In  this 
study,  ATILA  was  primarily  used  to  determine  the  vi¬ 
bration  modes  and  calculate  the  TVR  and  beam  pattern 
of  the  double-driver  cymbal  transducers. 

Fig.  2  shows  the  calculated  modes  of  the  double¬ 
driver  cymbal  transducer  under  different  driving  condi¬ 
tions.  In  the  monopole  mode,  the  two  caps  vibrate  in 
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Fig.  2.  The  vibration  modes  and  predicted  beam  patterns  by  ATILA 
for  a  double-driver  cymbal  transducer,  (a)  Monopole  mode;  (b)  dipole 
mode;  (c)  cardioid  mode,  Fb/Ff  =  (1 -/?)/{! +/?),  where  /?  = 
TVR„/TVRd. 

phase,  and  indeed  the  beam  pattern  was  predicted  to  be 
omnidirectional  as  shown  in  Fig.  2(a).  In  the  dipole 
mode,  the  two  caps  vibrate  out  of  phase,  and  the  pre¬ 
dicted  beam  pattern  Fig.  2(b)  is  a  dipole  with  two 
maxima  in  the  front  and  back  directions.  The  amplitude 
was  the  same  in  the  two  directions  but  there  was  a  phase 
difference  of  180°.  The  TVR  amplitudes  and  phases  for 
the  two  cases  at  20  kHz  were  also  calculated  by  ATILA, 
from  which  the  driving  conditions  for  the  cardioid  mode 
were  calculated  using  Eq.  (1).  The  driving  voltages  and 
phases  in  ATILA  modeling  at  20  kHz  for  the  cardioid 
mode  are  listed  in  Table  1  and  the  corresponding  vi¬ 
bration  mode  is  shown  in  Fig.  2(c).  The  two  caps  vibrate 
with  a  phase  difference,  which  adds  the  sound  pressure 
in  the  forward  direction  and  subtracts  in  the  back  di¬ 
rection,  thereby  producing  the  desired  cardioid  beam 
pattern.  The  pattern  predicted  by  ATILA  is  shown  in 
Fig.  2(c).  .  ^ 


4.  Experimental  procedure 

The  piezoelectric  ceramic  disks  (PKI  552,  Piezoki¬ 
netics  Inc.,  Bellefonte,  PA)  have  a  thickness  of  1  mm 


Table  I 


Driving  voltages  and  phases  for  the  directional  mode  at  20  kHz 


Fr 

Fb 

Amplitude 

Phase 

(degree) 

Amplitude 

Phase 

(degree) 

ATILA 

100 

0 

73.8 

51 

Experimental 

(calculated) 

100 

164 

78 

0 

Experimental 

(adjusted) 

100 

166 

72 

0 

and  a  diameter  of  12.7  mm.  The  PZT  disks  were  poled  in 
the  thickness  direction.  The  PZT  disks  were  first  ground 
with  sand  paper  to  remove  the  oxide  layer  and  then 
cleaned  with  acetone.  Using  conductive  epoxy,  the  PZT 
disks  were  then  bonded  together  in  pairs  with  opposite 
polarization  directions. 

Titanium  caps  were  punched  from  Ti  foil  of  0.25  mm 
thickness  and  shaped  using  a  special  die.  The  shaped 
caps  had  a  diameter  of  12.7  mm.  The  cavity  diameter 
was  9.0  mm  at  the  bottom  and  3.2  mm  at  the  top.  The 
cavity  depth  was  0.2  mm.  The  flanges  of  the  Ti  caps  were 
slightly  roughened  using  sand  paper.  The  caps  were  then 
bonded  to  the  piezoelectric  ceramic  double-driver  cym¬ 
bals.  The  bonding  material  is  an  Emerson  and  Cuming 
insulating  epoxy.  A  ratio  of  three  parts  45  LV  epoxy 
resin  to  one  part  15  LV  hardener  was  used.  The  thick¬ 
ness  of  the  epoxy  bonding  layer  was  approximately  20 
|im.  The  entire  assembly  was  kept  under  uniaxial  stress 
in  a  special  die  for  24  h  at  room  temperature  to  allow  the 
epoxy  time  to  cure. 

Underwater  calibration  tests  of  single  cymbals  were 
performed  at  the  Applied  Research  Laboratory  at 
Pennsylvania  State  University.  The  tank  measures  5.5  m 
in  depth,  5.3  m  in  width  and  7.9  m  in  length.  A  pure  tone 
sinusoidal  pulse  signal  of  2  ms  duration  was  applied  to 
the  test  transducer  and  its  acoustic  output  was  moni¬ 
tored  with  a  standard  F33  hydrophone.  The  test  trans¬ 
ducer  and  the  standard  were  positioned  at  a  depth  of 
2.74  m  and  separated  by  a  distance  of  3.16  m.  The 
double-dipper  transducers  were  potted  with  a  polyure¬ 
thane  coating  about  0.5  mm  thick.  The  polyurethane 
layer  insulated  the  cymbal  from  the  conductive  water  in 
the  water  tank.  The  measured  parameters  were  the  me¬ 
chanical  Q,  TVR  and  beam  pattern. 


5.  Experimental  results  and  discussion 

The  double-driver  cymbal  was  first  tested  in  the 
monopole  and  dipole  modes.  The  TVR  including  am¬ 
plitude,  phase  and  beam  pattern  were  measured  at  20 
kHz.  The  measured  beam  patterns  are  shown  in  Fig.  3. 
A  nearly  omnidirectional  and  a  dipolar  beam  pattern 
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Fig.  3.  Measured  beam  pattern  of  (a)  monopolar  mode  {V;  =  fi,, 
(p  =  0),  (b)  dipolar  mode  (tf  =  Fh,  tp  =  7t). 


were  obtained  for  the  monopole  and  the  dipole  mode. 
They  agreed  well  with  the  ATILA  prediction.  The 
driving  voltages  and  phases  for  the  cardioid  mode  at  20 
kHz  were  calculated  from  the  measured  TVR  ampli¬ 
tudes  and  phases  for  the  monopole  and  dipole  case  ac¬ 
cording  to  Eq.  (1)  and  the  values  are  listed  in  Table  1. 
The  resulting  experimental  beam  pattern  is  shown  in 
Fig.  4(a).  It  is  not  a  perfect  cardioid  pattern  but  shows  a 
very  directional  beam  shape.  When  the  driving  ampli¬ 
tude  and  the  phase  of  the  back  side  were  adjusted 
slightly,  a  nearly  perfect  cardioid  beam  pattern  shown  in 
Fig.  4^)  was  obtained. 

The  experimentally  obtained  driving  conditions  for 
the  cardioid  pattern  is  shown  in  Table  1  and  compared 
with  ATILA  computation.  The  voltage  amplitude  cal¬ 
culated  from  ATILA  agrees  well  with  the  experimental 
data.  However,  the  calculated  phase  is  significantly  dif¬ 
ferent  from  experimentally  obtained  values.  It  is  obvious 
that  ATILA  can  predict  the  TVR  amplitude  of  the 
double-driver  very  well.  But  the  phase  of  the  TVR  is 
complicated  by  many  experimental  factors  and  therefore 
difficult  to  predict.  Hence,  the  driving  conditions  to 


achieve  unidirectional  beam  patterns  must  be  obtained 
experimentally. 

We  have  demonstrated  that  a  directional  beam  pat¬ 
tern  can  be  obtained  from  a  double-dipper  transducer 
which  is  much  smaller  than  a  wavelength.  With  this 
method,  a  directional  pattern  can  be  obtained  at  virtu¬ 
ally  any  frequency.  However,  the  TVR  amplitude  and 
phases  of  the  double-dipper  fluctuates  drastically  with 
frequency.  As  a  consequence,  the  calculated  voltage 
ratios  (amplitude  and  phase)  at  different  frequencies  are 
drastically  different,  suggesting  unique  driving  condi¬ 
tions  at  each  frequency  or  a  narrow  working  bandwidth. 


IhhT 
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Fig.  4.  Measured  cardioid  pattern:  (a)  driving  voltage  calculated  ac¬ 
cording  to  Eq.  (1),  Vf  —  iOO  V,  =  78  V,  =  164°:  (b)  driving  volt¬ 
age  adjusted  to:  V(  =  100  V,  =  72  V,  <p  =  166°. 


Fig.  5.  Measured  directional  beam  patterns  of  the  3x3  double-dipper 
array  at  (a)  15  kHz,  Vf  =  100  V,  V^  =  55V.  (p  =  237°,  (b)  20  kHz, 
Vf  =  100  V,  Fb  =  38  V,  =  268°,  (c)  80  kHz,  Vy  =  98  V.  Kt,  =  100  V, 
(o  =  332°. 
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This  may  complicate  the  driving  electronic  circuits  if  the 
double-dipper  is  used  over  a  wide  frequency  range. 

A  3  X  3  planar  array  of  the  double-driver  was  built 
using  the  same  potting  technique  and  tested  without  a 
baffle.  It  was  found  that  Eq.  (4)  cannot  be  used  for 
predicting  the  driving  conditions  for  the  array.  The 
difficulty  is  most  probably  caused  by  array  interactions. 
Because  of  array  interaction,  the  vibration  velocity  and 
phase  vary  for  individual  transducers  in  the  array,  which 
complicates  the  driving  conditions.  Therefore,  the  driv¬ 
ing  voltage  and  phases  for  the  array  were  adjusted 
manually  to  obtain  the  desired  directivities.  The  result¬ 
ing  beam  patterns  of  the  arrays  at  1 5, 20  and  80  kHz  are 
shown  in  Fig.  5.  In  all  cases,  a  front  to  back  ratio  of 
above  20  dB  is  obtained. 


6.  Conclusions 

A  directional  class  V  flextensional  transducer  is  pro¬ 
posed  which  makes  use  of  the  bending  mode  of  a  bila- 
minar  ceramic  plate.  It  maintains  the  advantageous 
features  of  conventional  cymbal  transducers,  including 
thin  profile,  small  size  and  low  cost,  while  introducing  a 
new  mechanism  to  project  sound  in  one  direction.  The 
double-driver  cymbal  transducer  is  a  promising  candi¬ 
date  as  directional  underwater  sound  projectors  in 
conformable  arrays  mounted  on  underwater  vehicles. 


Acknowledgements 

The  authors  would  like  to  thank  Dr.  Kenji  Uchino, 
Dr.  R.J.  Meyer  Jr.,  Sedat  Alkoy,  and  Rattikom 
Yimnirun  for  helpful  discussions.  Gregory  Granville 
and  Robert  Dashem  of  the  Applied  Research  Labora¬ 
tory  provided  valuable  assistance  with  the  underwater 
test.  This  work  is  funded  by  the  Office  of  Naval  Re¬ 
search  and  by  Advanced  Research  Projects  Agency, 
Grant  no.  N00014-96-1-1173. 


References 

[1]  K.D.  Roll,  History  of  the  flextensional  electroacoustic  transducers, 
J.  Acoust.  Soc.  Am.  87  (1990)  1340. 

[2]  W.  Jack  Hughes,  Encyclopedia  of  Applied  Physics,  vol.  22,  Wiley- 
VCH,  New  York,  1998. 

[3]  Q.C.  Xu,  S,  Yoshikawa,  J.R.  Belsick,  R.E,  Newnham,  Piezoelectric 
composites  with  high  sensitivity  and  high  capacitance  for  use  at 
high  pressures,  IEEE  Trans.  UFFC  38  (1991)  634-639. 

[4]  A.  Dogan,  K.  Uchino,  R.E.  Newnham,  Composite  piezoelectric 
transducers  with  truncated  conical  endcaps  ‘Cymbals’,  IEEE  Trans. 
UFFC  44  (1997)  597-605. 

[5]  S.C.  Butler,  J.L.  Butler,  A.L.  Butler,  G.H.  Cavanagh,  A  low 
frequency  directional  flextensional  transducer,  J.  Acoust.  Soc.  Am. 
102  (1997)  308-314. 

[6]  D.  Stansfield,  Underwater  Electroacoustic  Transducers,  Bath 
University  Press  and  Institute  of  Acoustics,  1990. 

[7]  B.  Hamonic,  J.C.  Debus,  J.-N.  Decarpigy,  D.  Boucher,  B.  Tocquet, 
Analysis  of  a  radiating  thin-shell  sonar  transducer  using  the  finite 
element  method,  J.  Acoust.  Soc.  Am.  86  (1989)  1245-1253. 


APPENDIX  41 


Flextensional  Transducers  with  Shape  Memory  Caps 

for  Hinable  Devices 


R.  J.  Meyer,  Jr  *  and  R.  E.  Newnham 

The  Pennsylvania  State  University,  254  Materials  Research  Laboratory,  University  Park,  PA  16802 

ABSTRACT:  Shape  memory  alloys  were  used  as  caps  for  the  “cymbal”  flextensional  transducer. 
The  active  caps  provide  a  tunable  resonance  frequency  and  a  damage  recovery  mechanism  associated 
with  the  alloy’s  martensitic  phase  transformation.  These  two  concepts  were  investigated  and  a  25% 
change  in  resonance  frequency  was  observed  for  Ni-Ti  alloy  caps.  It  was  also  demonstrated  that  com¬ 
plete  shape  recovery  could  be  achieved  after  hydrostatic  pressures  buckled  the  transducer  caps.  Cap 
deformation  and  recovery  were  demonstrated  with  profilometer  and  d/,  measurements. 


INTRODUCTION 

Electroacoustic  transducers,  converting  electrical  en¬ 
ergy  into  acoustic  energy  and  vice  versa,  are  the  funda¬ 
mental  sound  sources  in  sonar  and  ultrasound  systems.  Many 
types  of  these  transducers  have  been  developed  during  the 
last  century  beginning  with  the  discovery  of  the  piezoelectric 
effect  in  1880.  Longitudinal  vibrators,  flexural  disks,  mov¬ 
ing  coils,  and  spherical  shells  are  a  few  of  the  many  device 
configurations  used  to  generate  and  detect  ultrasound.  One 
of  the  main  underwater  transducer  designs  for  low  frequency 
applications  is  the  flextensional  transducer.  Utilizing  a 
piezoceramic  acting  on  a  flexing  shell,  these  transducers 
magnify  the  motion  of  the  driving  element  providing  higher 
power  outputs  than  flexural  disks.  Past  improvements  in  the 
performance  of  the  flextensional  transducers  have  come  at 
the  expense  of  increased  complexity  and  production  costs. 
Two  miniature  flextensional  transducers,  the  “Moonie”  and 
“Cymbal,”  were  developed  at  Penn  State  to  reduce  cost  and 
size  and  are  now  being  tested  for  use  in  underwater  arrays. 
The  moonie  and  cymbal  designs,  shown  in  Figure  1,  con¬ 
sist  of  a  poled  piezoelectric  disk  bonded  to  metal  end  caps 
having  specially  designed  geometries  to  accommodate  an  air 
cavity  between  the  metal  and  ceramic  (Sugawara  et  al.,  1992; 
Newnham,  Xu  and  Yoshikawa,  1991;  Dogan  et  al.,  1994; 
Dogan  and  Newnham,  1998).  Increased  sensitivity  and  am¬ 
plified  motions  are  obtained  with  these  devices  due  to  the 
conversion  of  radial  stresses  into  large  axial  motions.  With 
the  moonie  and  cymbal,  improvements  in  the  piezoelectric 
figure  of  merit  were  found  to  be  greater  than  250  times  larger 
than  uncapped  lead  zirconate  titanate  (PZT)  (Dogan  et  al., 
1994).  Additionally,  a  large  displacement  of  40  pm  @ 
1  kV/mm  (compared  to  1  pm  @  1  kV/mm  for  uncapped  PZT) 
with  reasonable  generative  force  (approx.  20  N)  was  ob¬ 
tained  for  the  cymbal.  Moonies  and  cymbals  are  suitable  for 
many  actuator  applications  and  help  to  bridge  the  gap  be- 

*  Author  to  whom  correspondence  should  be  addressed.  E-mail:  rmeyer@psu.edu 


tween  the  high-force,  low-displacement  multilayer  struc¬ 
tures  and  the  high-displacement,  low-force  bender  type 
actuators.  Compact  and  inexpensive  moonie  and  cymbal 
hydrophones  have  also  found  many  applications  including 
towed  undersea  arrays,  fish  finding,  underwater  imaging  and 
geophysical  research. 

Ease  of  fabrication  and  the  ability  to  tailor  performance  to 
the  desired  application  are  attractive  features  of  the  cymbal 
design.  Resonance  frequency,  force,  displacement  and  re¬ 
sponse  times  of  this  structure  are  controlled  through  the 
choice  of  the  cap  and  driver  materials,  together  with  the  ge¬ 
ometry  and  overall  dimensions,  thereby  accommodating  this 
design  to  numerous  applications.  Resonance  frequencies 
have  been  tailored  between  1  kHz  to  over  1 00  kHz. 

Normally  the  caps  are  punched  from  standard  metals  such 
as  brass  or  steel,  but  in  this  study  we  have  replaced  the  pas¬ 
sive  metal  caps  with  Nitinol  shape  memory  alloys  (Buehler, 
Gilfrich  and  Wiley,  1963).  These  “smart”  materials  provide 
tunable  mechanical  properties  by  utilizing  the  martensite  to 
austenite  phase  transformation  in  which  significant  changes 
in  elastic  modulus  take  place  (SMA-Inc.,  1999).  A  change  in 
modulus  can  alter  the  resonant  frequency,  the  speed  of 
sound,  and  improve  acoustic  impedance  matching.  The 
smart  caps  also  provide  additional  control  of  the  force  and 
displacement  characteristics  of  the  actuator  by  adjusting  cav¬ 
ity  depth,  cap  modulus  and  even  provide  cap  shape  restora¬ 
tion  through  the  shape  memory  effect.  Materials  such  as 
Nitinol  and  both  magnetostrictive  Metglass*^^  (METGLAS) 
and  Terfenol-D  (Clark  and  Belson,  1971)  can  be  explored  for 
use  as  active  caps.  Ni-Ti  shape  memory  alloys  were  used 
here  to  demonstrate  the  potential  usefulness  of  active  caps. 

Shape  Memory  Effect 

The  shape  memory  effect  was  first  discovered  in  Au-Cd 
alloys  in  195 1  (Chang  and  Read,  1951).  Subsequent  investi- 

METGLAS  is  a  registered  trademark  of  the  Allied  Corporation. 
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1-  Schematic  structure  of  (a)  Moonie  and  (b)  cymbal  ffextensional  transducers.  The 
driver"  (hatched  area)  and  the  punched  metal  caps  (solid  area)  have  typical  dimensions  of  12  mm 
in  diameter  and  2  mm  thick.  Cymbal  cap  geometry  used  here  was:  320  iim  cavity  depth,  3  mm 
dome  and  a  flange  width  of  1.85  mm. 


gations  of  the  Ni-Ti  system  unearthed  the  enormous  poten¬ 
tial  of  this  class  of  materials  in  commercial  applications 
(Buehler,  Gilfrich  and  Wiley,  1 963).  Nitinol,  so  named  for  its 
elemental  constituents  and  founding  institution,  the  Naval 
Ordnance  Laboratory,  was  found  to  be  particularly  useful  be¬ 
cause  of  the  ease  of  controlling  its  martensite  to  austenite 
phase  transition  through  small  variations  in  the  Ni  to  Ti  ratio. 
The  transition  temperature  can  be  adjusted  between  -200° 
and  1 10°C  (SMA-Inc.,  1999).  Other  systems  exhibiting  the 
shape  memory  effect  or  superelasticity,  which  is  also  closely 
related  to  the  martensitic  phase  transition,  include  In-Tl,  Cu- 
Zn,  Cu-Al-Ni,  Fe-Pt,  and  Fe-Mn-Si  alloys  (Shimizu  and 
Tadaki,  1987). 

The  origins  of  the  shape  memory  effect  can  be  traced  to  the 
alloy’s  crystal  structure  and  the  martensitic  phase  transfor¬ 
mation.  This  phase  transformation  is  diffusionless  with  at¬ 
oms  moving  cooperatively  through  shear-like  mechanisms 
(Shimizu  and  Tadaki,  1987).  The  high  temperature  austenite 
phase,  or  parent  phase,  is  usually  cubic  with  substantial  long 
range  order.  The  low  temperature  martensite  phase  has  a 
lower  symmetry.  The  martensite  phase  essentially  consists 
of  twin-related,  self-accommodating  variants  of  the  high 
temperature  phase.  Stressing  the  material  promotes  the 
transformation  of  some  of  the  variants  in  the  stressing  direc¬ 
tion  either  by  twinning  or  de-twinning.  During  the  reverse 
transformation,  the  martensite  becomes  unstable  and  the 
crystal  structure  reverts  to  the  parent  phase  through  a 
displacive  transformation  in  which  the  macrosopic  strain  is 
recovered.  The  driving  force  for  this  reverse  transformation 
is  the  difference  in  chemical  free  energy  between  the  austen¬ 
ite  and  the  martensite  phases.  In  the  case  of  NiTi  alloys,  the 
maximum  recoverable  strain  is  approximately  8%  (SMA- 
Inc.,  1999).  Two-way  shape  memory  can  be  achieved  by 
“training”  the  material  using  cyclic  heating  and  cooling. 
Training  results  in  the  generation  of  internal  stresses,  which 
inhibits  self-accommodation  thereby  reducing  the  number  of 
possible  variants. 

In  addition  to  the  changes  in  mechanical  properties,  the 
phase  transition  is  also  accompanied  by  changes  in  thermal 
conductivity,  the  coefficients  of  thermal  expansion,  and 
electrical  resistivity.  Property  changes  occurring  during  the 
austenite-martensite  phase  transition  are  usually  hysteretic 
in  nature.  This  hysteresis  defines  four  characteristic  temper¬ 
atures:  the  austenite  start  and  finish  temperatures  and  the 
martensite  start  and  finish  temperatures. 


Young’s  modulus  for  NiTi  alloys  has  been  reported  as 
highly  nonlinear,  ranging  from  28  to  41  GPa  in  the  martensite 
phase  up  to  60  to  90  GPa  in  the  austenite  phase  (SMA-Inc., 
1999).  This  large  change  in  elastic  stiffness  together  with 
shape  recovery  can  be  exploited  in  the  design  of  a  tunable 
resonance  transducer  with  impedance  matching  caps  and 
thermally  activated  healing. 

Ihnable  Transducers 

The  idea  of  tuning  a  transducer  is  not  a  new  concept.  Sev¬ 
eral  attempts  have  been  made  using  a  liquid  backing  to  adjust 
the  effective  thickness  of  the  transducer  (Fry,  Fry  and  Hall, 
1951;  Lanina,  1978).  Other  researchers  have  focused  on  the 
elastic  modulus  and  its  contribution  to  the  resonance  fre¬ 
quency.  Using  the  nonlinear  elastic  properties  of  rubber  and 
the  mechanical  bias  provided  by  a  stress  bolt,  a  tunable 
Langevin-type  transducer  has  been  explored  previously 
(Blaszkiewicz,  1994;  Newnham,  Xu  and  Blaszkiewicz, 
1992).  Various  means  of  applying  mechanical  bias  were 
studied  with  changes  in  the  resonance  frequency  as  large  as 
200%  hut  the  results  were  difficult  to  reproduce  because  of 
relaxation  and  permanent  deformation  in  the  elastomers. 
Relaxor  ferroelectrics  are  electrically  nonlinear  and  when 
combined  with  rubber  add  the  possibility  of  using  an  electri¬ 
cal  bias  to  tailor  resonant  frequency,  acoustic  impedance, 
damping  factors  and  electromechanical  coupling  coeffi¬ 
cients  (Newnham,  1991).  Previous  attempts  at  combining 
ferroelectric  oxides  and  shape  memory  alloys  were  first  ex¬ 
plored  by  depositing  sol-gel  thin  films  of  PZT  onto'  a  shape 
memory  substrate  (Blaszkiewicz,  1994;  Chen  et  al.,  1992). 
Several  others  followed  with  hopes  of  achieving  a 
ferroelastic-ferroelectric  heterostructure  for  active  damping 
applications  (Mercado  and  Jardine,  1994).  Combinations  of 
these  two  materials  offer  a  wide  range  of  sensing  and  actuat¬ 
ing  possibilities. 

The  two  effects  demonstrated  in  this  work  are  a  tunable 
resonant  frequency  and  a  shape  recovery  or  healing  mecha¬ 
nism.  The  active  caps  made  use  of  the  shape  memory  effect 
and  the  temperature  dependent  elastic  properties  of  Ni-Ti. 

Generally,  the  flextensional  resonant  frequency  is  propor¬ 
tional  to: 
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where  E  is  the  modulus,  p  is  the  density  and  c  is  Poisson’s  ra¬ 
tio  (Tressler,  1997).  Active  caps  provide  a  way  of  thermally 
controlling  the  elastic  properties  of  the  composite,  and  tun¬ 
ing  the  resonant  frequency.  Thermally  controlled  shape 
change  or  shape  recovery  offers  two  additional  applications. 
For  a  flextensional  transducer,  a  change  in  cavity  depth  by  a 
factor  of  two  has  the  potential  of  changing  the  resonant  fre¬ 
quency  by  more  than  30%  (Tressler,  1997).  Shape  recovery 
also  allows  transducers  with  damaged  caps  to  be  reused. 
Modeling  of  the  behavior  of  these  caps  allows  for  applica¬ 
tion-oriented  design  of  these  composite  structures. 

EXPERIMENTAL  PROCEDURE 
Cymbal  Fabrication 

Ni-Ti  sheet  material  was  obtained  (Alloy  B;  SMA-Inc.). 
The  SMA  sheet  was  250  \im  thick  with  an  austenite  finish 
temperature  between  20®  and  40®C.  The  austenite  finish  tem¬ 
perature  is  highly  variable  and  is  a  function  of  composition 
and  annealing  conditions.  Half-inch  diameter  blanks  were 
cut  from  the  sheet  using  a  hardened  steel  punch.  Two  caps 
were  polished  to  200  p.m  thick  samples  for  comparison  with 
standard  cymbals.  The  cymbal  shape,  illustrated  in  Figure 
1  (b),  was  formed  from  the  blank  using  machined  carbon  dies 
at  500®C  for  30  minutes  and  30  MPa  of  pressure.  Pressure 
was  maintained  throughout  the  cooling  process.  Shape  set¬ 
ting  was  conducted  under  argon  atmosphere  to  prevent  oxi¬ 
dation  of  the  carbon  dies.  Each  cap  was  fabricated  with  a  320 
pm  cavity  depth,  3  mm  top  and  a  flange  width  of  1.85  mm. 

The  surface  of  the  flange  and  piezoceramic  were  rough¬ 
ened  with  600  grit  sandpaper  to  enhance  bonding.  The  lead 
zirconate  titanate  ceramics  used  for  these  sets  of  experiments 
were  Navy  Type  VI  (PKI 552;  PiezoKinetics  Inc.).  The  ce¬ 
ramic  was  12.7  mm  in  diameter  and  1  mm  thick.  The  epoxy 
used  to  bond  the  caps  to  the  ceramic  was  Emerson  and 
Cuming  Epoxy.  A  ratio  of  three  parts  45LV  epoxy  resin  to 
one  part  15LV  resin  hardener  was  used.  Bonding  was  carried 
but  using  a  screen-printed  epoxy  layer.  During  bonding,  the 
ceramic  and  caps  were  clamped  and  the  epoxy  was  allowed 
to  cure  in  air  at  60°C  for  a  minimum  of  4  hours. 

Cymbal  Characterization 

The  flextensional  composites  were  evaluated  using  a 
Hewlett-Packard  4194a  Impedance/Gain  Phase  analyzer  to 
observe  the  resonance  frequency  spectrum.  The  transducers 
were  mounted  in  a  sample  holder  in  which  the  spring-loaded 
probes  clamp  only  the  flange.  The  sample  holder  was  modi¬ 
fied  for  recording  temperature  measurements  by  allowing  a 
thermocouple  to  be  positioned  in  close  proximity  to  the  sam¬ 
ple.  Resonance  frequency  was  measured  as  a  function  of 
temperature  inside  a  computer-controlled  oven  (Delta  De¬ 
sign;  model  9023).  The  temperature  was  adjusted  in  5°  or  10° 
increments  from  -5°  to  80°C,  Data  were  collected  two  min¬ 


utes  after  the  internal  thermocouple  reached  the  desired  tem¬ 
perature. 

To  demonstrate  the  shape  recovery  mechanism,  the  trans¬ 
ducers  were  subjected  to  hydrostatic  pressure.  The  hydro¬ 
static  piezoelectric  coefficient,  r//,,  was  monitored  with  refer¬ 
ence  to  a  known  standard  made  from  monolithic  Ca-doped 
lead  titanate.  The  primary  source  of  failure  for  the  cymbal 
flextensional  transducer  under  hydrostatic  pressures  is  cav¬ 
ity  collapse  and  is  observed  as  a  significant  decrease  in  df, 
with  more  than  20%  of  the  original  value  irrecoverable 
(Tressler,  1997).  Pressure  tolerances  depend  on  cavity  depth, 
cap  modulus,  and  cap  thickness. 

For  testing,  the  sample  and  standard  were  placed  in  hy¬ 
draulic  fluid  inside  a  hydrostatic  pressure  vessel.  A  weak  30 
Hz  pressure  wave  is  transmitted  through  the  fluid  surround¬ 
ing  the  sample.  The  short  circuit  current  from  the  sample  is 
converted  to  an  equivalent  voltage  that  is  monitored  by  an  os¬ 
cilloscope,  Specific  details  of  the  test  setup  have  been  previ¬ 
ously  reported  (Tressler  et  al.,  1995).  Comparison  of  the 
voltage  of  the  standard  to  the  sample  allows  for  the  calcula¬ 
tion  of  the  sample’s  hydrostatic  piezoelectric  coefficient 
through  the  equation: 

Kxtti  J\^siiinp  ) 

where  V  is  the  voltage  and  A  is  the  area.  The  sample  was 
remeasured  several  times  to  determine  its  behavior  after  be¬ 
ing  subjected  to  damaging  pressures. 

Modeling 

Finite  element  modeling  was  used  to  simulate  the  response 
of  the  transducer.  A  half  section  of  the  cymbal  transducer 
was  modeled  with  ATILA  finite  element  code.  Since  the 
SMA  modulus  values  are  highly  dependent  on  material  an¬ 
nealing,  estimates  of  the  modulus  were  determined  by  ad¬ 
justing  input  values*  until  the  simulated  curves  matched  the 
observed  response.  A  simple  composite  model  was  utilized 
to  reduce  computation  time. 


RESULTS  AND  DISCUSSION 
Resonance  Frequency  Tbning 

Shape  memory  caps  were  successfully  formed  in  the  aus¬ 
tenite  phase,  and  on  cooling  through  the  transition,  the  cym¬ 
bal  shape  was  retained.  Bendirtg  the  cap  and  reheating  using 
a  hot  plate  verified  the  austenite  shape  .setting  and  the  recov¬ 
ery  mechanism.  Three  cymbal  transducers  were  constructed, 
two  with  250  (im  thick  caps  and  one  with  200  pm  thick  caps. 
The  admittance  spectra  for  these  samples  showed  the  funda¬ 
mental  flextensional  resonance  frequencies  near  25  kHz.  No 
spurious  modes  were  observed  indicating  uniform  bonding. 
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Figure  2.  Flextensionaf  resonance  frequency  for  a  cymbal  with  shape  memory  caps  plotted  as  a  func¬ 
tion  of  temperature  for  a  heating  and  cooling  cycle.  A  comparison  to  a  brass  capped  cymbal  is  also 
shown. 


To  observe  the  shift  in  resonance  with  the  change  in  modu¬ 
lus  of  the  cap  material,  the  resonance  frequency  was  moni¬ 
tored  as  a  function  of  temperature.  The  results  of  this  experi¬ 
ment  for  the  200  |im  thick  caps  are  shown  in  Figure  2. 
Contrary  to  most  materials,  shape  memory  alloys  stiffen  as 
the  temperature  increases.  The  flextensional  resonance  fre¬ 
quency  was  observed  to  be  approximately  22.5  kHz  in  the 
martensite  phase  and  increased  to  28.3  kHz  in  the  austenite 
phase,  a  total  increase  of  25.5%.  The  plot  clearly  shows  the 
hysteretic  nature  of  the  transition.  Based  on  the  cooling 
curve,  the  austenite  finish  temperature  was  observed  to  fall 
within  the  designated  range  (20°  to  40°C)  for  this  material. 
The  martensite  finish  temperature  was  approximately  70°C. 

The  observed  hysteresis  was  reproducible  over  several  cy¬ 
cles  when  maintaining  identical  measurement  procedures. 
During  heating,  if  the  sample  was  allowed  to  equilibrate  for 
longer  times,  the  resonance  frequency  would  shift  by  travers¬ 
ing  the  loop  to  the  cooling  cycle  value.  This  frequency  stabi¬ 
lized  after  30  minute  dwell  times.  This  stability  region  is  the 
result  of  the  phase  transformation  mechanism  in  which  a  pre¬ 
dictable  percentage  of  conversion  takes  place.  This  percent 
conversion  is  reproducible  and  is  dependent  on  the  mate- 
riaTs  processing  history. 

To  compare  these  frequency  changes  with  those  associ¬ 
ated  with  normal  thermal  expansion,  heating  experiments 
were  repeated  using  brass  and  titanium  capped  cymbal  trans¬ 
ducers.  Both  of  these  transducers  showed  a  decrease  in  reso¬ 
nance  frequency  with  7%  and  2%  reductions  for  brass  and  ti¬ 
tanium  capped  cymbals,  respectively  over  the  same 
temperature  range.  The  behavior  of  each  sample  was  repro¬ 
ducible  over  several  heating  and  cooling  runs. 


ATILA  finite  element  modeling  was  used  to  model  the  ob¬ 
served  response.  The  values  of  SMA  modulus  needed  to  sim¬ 
ulate  the  martensite  and  austenite  resonance  frequencies 
were  40  and  70  GPa,  respectively,  which  fall  within  the  ex¬ 
pected  range  for  this  material. 

Although  the  change  in  resonance  frequency  was 
significant,  it  was  expected  that  even  larger  increases  could 
be  achieved.  Variations  in  annealing  conditions  and  varia¬ 
tions  in  composition  could  be  investigated  to  maximize  the 
difference  in  modulus  between  the  austenite  and  martensite 
phases. 

Shape  Recovery 

The  healing  ability  offered  by  shape  recovery  materials 
was  demonstrated  by  subjecting  the  transducer  to  excessive 
hydrostatic  pressures.  These  experiments  simulate  the  deep 
ocean  environment  encountered  by  underwater  transducers. 
The  results  of  these  experiments  are  depicted  in  Figure  3. 
The  hydrostatic  piezoelectric  coefficient,  df,,  was  initially 
4200  pC/N  at  0.6  MPa  and  dropped  rapidly  at  pressures 
greater  than  1 .4  MPa.  These  values  are  consistent  with  those 
measured  previously  for  various  cap  materials  (Tressler, 
1997).  Subjecting  the  sample  to  increasing  pressure,  the 
transducer  first  deforms  elastically  up  to  pressures  near  2 
MPa.  This  elastic  deformation  is  completely  recoverable, 
however,  at  pressures  greater  than  2  MPa,  inelastic  collapse 
of  the  cavity  results.  The  sample  was  tested  to  a  maximum 
pressure  of  4.8  MPa,  which  was  the  upper  limit  of  the  mea¬ 
surement  equipment.  Decreasing  the  pressure  from  4.8  MPa 
resulted  in  lower  values  of  the  coefficient.  Final  values  for 
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Effective  plotted  as  a  function  of  pressure  for  an  SMA  capped  cymbal. 
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Figure  4.  Profile  of  the  cap  after  being  subjected  to  4.8  MPa  hydrostatic  pressure. 
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Hydrostatic  Pressure  (MPa) 

Figure  5.  Direct  comparison  of  the  effective  plotted  as  a  function  of  pressure  for  the  SMA 
capped  cymbal  representing  the  original  testing  cycle  and  the  recovered  sample  after  heat 
treatment. 


dfj  were  15%  lower  than  the  initial  value  which  indicated  per¬ 
manent  damage  to  the  transducer.  The  second  cycle  shows  a 
steady  decline  in  the  magnitude  of  df,. 

The  resonance  frequency  was  monitored  from  the  mea¬ 
sured  admittance  data  before  and  after  subjecting  the  sample 
to  hydrostatic  pressure.  The  flextensional  resonance  fre¬ 
quency  was  found  to  decrease  in  frequency  from  23.65  kHz 
to  21,63  kHz,  with  a  24%  decline  in  amplitude.  The  fre¬ 
quency  and  amplitude  of  the  radial  mode  of  the  ceramic  was 
unchanged.  This  indicated  that  the  bonding  layer  remained 
intact. 

To  further  investigate  the  deformation  of  the  cap,  the 
shape  of  the  cap  was  profiled  using  a  Tencor  Instruments  Al¬ 
pha-Step  200  Profilometer.  The  surface  contour  across  the 
dimple  of  the  cap  is  plotted  in  Figure  4.  It  can  be  clearly  seen 
that  the  cavity  has  partially  collapsed.  Since  the  height  of  the 
cap  was  greater  than  the  maximum  elevation  of  the  instru¬ 
ment,  the  full  cap  profile  was  not  obtained. 

Next,  the  cap  was  heated  to  80°C,  which  is  above  the 
martensite-to-austenite  transition  temperature.  This  tem¬ 
perature  is  below  the  maximum  operating  temperature 
of  the  bonding  material  and  the  Curie  temperature  of 
the  ceramic.  The  resonance  frequency  after  heat  treat¬ 
ment  returned  to  its  initial  value  and  magnitude.  The  sam¬ 
ple  profile  returned  to  its  original  flat  surface  and  the  d/,  value 
was  also  recovered.  Figure  5  compares  the  1st  cycle  for 
tlie  initial  sample  and  after  shape  recovery.  Thus,  the 
resonance  frequency,  cap  profile,  and  very  close  agree¬ 
ment  between  the  d^  values  all  indicated  complete  shape  re- 


CONCLUSIONS 

Tunable  resonance  frequency  and  shape  recovery  have 
been  demonstrated  for  cymbal  flextensional  transducers 
with  Ni-Ti  shape  memory  caps.  A  resonance  frequency  shift 
was  achieved  and  maintained  when  transforming  the  SMA 
from  the  martensite  to  the  austenite  phase.  The  ability  to  re¬ 
pair  damaged  transducers  subjected  to  hydrostatic  pressure 
was  also  demonstrated  by  monitoring  resonance  frequency, 
cap  profile  and  the  hydrostatic  piezoelectric  coefficient. 
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Abstract — Miniature  lead  titanate  (PT)  hollow  spheres 
with  diameters  in  the  1  to  10  mm  range  and  wall  thick¬ 
nesses  of  20  to  120  fMTn  have  been  fabricated.  Shell  sec¬ 
tions  were  used  as  components  of  pre-focused  transducers. 
Spheres  are  produced  using  a  new  sacrificial  core  technique 
that  produces  hundreds  of  spheres  with  a  more  uniform  wall 
thickness  than  those  produced  by  earlier  methods.  Shells 
produced  fi*om  these  spheres  were  found  to  have  a  wall 
thickness  variation  of  about  10%. 

Despite  this  variation,  bulk  properties  were  estimated 
firom  capacitance  and  impedance  data.  Shells  tested  in  this 
work  had  dielectric  constants  (1  kHz)  near  280  with  loss  fac¬ 
tor  of  <2%  and  dsa  values  of  68  pC/N.  Thickness  coupling 
coefficients  averaged  0.51  with  mechanical  quality  factors  of 
<15.  A  transducer  fabricated  from  these  sections  of  spheres 
had  a  round-trip  insertion  loss  of  — 20.1  dB  at  the  center 
frequency  of  39.8  MHz  and  a  6  dB  bandwidth  of  33%. 


I.  Introduction 

The  advantages  of  ultrasonic  imaging  techniques 
have  stimulated  broad  interest  in  ultrasonic  trans¬ 
ducer  design  and  materials  optimization.  Biomedical  imag¬ 
ing  technology  has  become  one  of  the  most  popular  and 
fastest  growing  areas  in  diagnostic  healthcare  today  [1]. 
Clinical  demands  for  increased  resolution  and  sensitivity 
to  visualize  the  fine  tissue  interfaces  of  the  skin,  eyes,  and 
vascular  structures  have  pushed  the  frequencies  of  ultra¬ 
sonic  transducers  far  into  the  megahertz  range.  Operat¬ 
ing  requirements  for  these  high  frequency  medical  imaging 
transducers  have  led  to  the  development  of  new  transducer 
materials  and  novel  material  fabrication  techniques.  As  the 
transducer  element  thickness  is  decreased  to  accommodate 
these  high  frequencies,  the  microstructural  scale  of  tradi¬ 
tional  ceramics  is  approached,  resulting  in  expensive  and 
time-consuming  fabrication  processes.  Moreover,  focusing 
the  ultrasonic  beam  to  obtain  improved  resolution  is  also 
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difficult.  In  this  paper,  microsphere  technology  has  been 
pursued  to  provide  improved  performance  and  low  cost 
alternatives  for  high  frequency  ultrasonic  backscatter  mi¬ 
croscopy  (UBM)  applications. 

Previously,  hollow  spheres  of  lead  zirconate  titanate 
were  produced  using  a  coaxial  nozzle  technique  for  use 
as  spherical  transducers  [2].  In  addition,  small  spherical 
shell  sections  were  used  as  pre-focused  elements  for  single¬ 
element,  high  frequency  transducers  designed  for  UBM  ap¬ 
plications  [3].  These  shell  sections  offered  an  inexpensive 
and  time-saving  alternative  to  the  manufacture  of  tradi¬ 
tional  focusing  devices  such  as  lens  grinding  or  the  ball 
bearing  approach  [1],  [4].  Moreover,  using  shells  allows  for 
smaller  geometries  with  low  f-numbers.  Presented  here  is 
an  extension  of  this  work,  which  includes  improved  pro¬ 
cessing  techniques,  compositional  tailoring,  and  ultrasonic 
evaluation. 

Processing  of  the  spheres  has  been  improved  by  imple¬ 
menting  a  sacrificial  core  method.  This  method  involves 
the  use  of  polystyrene  balls  and  a  powder  slurry.  The 
sphere  diameter  is  controlled  by  selection  of  the  core  size, 
and  the  ball  rolling  time  controls  the  wall  thickness.  Uni¬ 
formity  and  reproducibility  have  been  greatly  improved 
over  the  coaxial  nozzle  technique  [3].  Another  important 
advantage  with  this  technique  is  a  smaller  powder  batch 
size,  100  vs.  1000  gm.  This  allows  easier  compositional 
adjustments  and  multiple  wall  thickness  trials.  One  pro¬ 
cessing  run  provides  thousands  of  spheres  compared  with 
tens  of  thousands  in  the  coaxial  nozzle  technique.  For  the 
purposes  of  this  study,  spheres  between  2  and  7  mm  in 
diameter  with  wall  thicknesses  between  20  and  120  /im 
were  made.  PT  compositions  were  chosen  for  their  large 
piezoelectric  anisotropy,  giving  nearly  pure  thickness  os¬ 
cillation.  The  dielectric  constant  of  PT  can  be  tailored  as 
well  through  doping  concentrations,  ultimately  allowing 
for  easier  electrical  impedance  matching. 

Previous  work  on  PT  transducers  has  shown  that  the 
coupling  coefficient  is  relatively  independent  of  resonance 
frequency,  and  the  low  dielectric  constant  is  favorable  to 
PZT  compositionsTor  electrical  impedance  matching  [5]. 
Transducers  prepared  previously  in  the  50-  and  95-MHz 
range  were  focused  using  a  ball  bearing  technique.  Prop¬ 
erties  were  slightly  degraded  after  the  fired  sheets  were 
bent  into  spherical  sections. 

PT  transducers  have  recently  been  compared  with 
LiNbOa  single  crystals,  1-3  composites,  and  PVDF  poly- 
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mer  transducers  [6].  PT  shows  a  performance  equivalent  to 
LiNbOa  at  50  MHz,  demonstrating  the  promise  of  ceramic 
PT  single-element  transducers  for  high  frequency  imaging 
applications. 

This  paper  describes  the  production  of  PT  spheres  and 
the  fabrication  of  focused  single-element  transducers.  The 
properties  of  the  shells  along  with  measurements  of  a  40- 
MHz  device  are  presented. 


11.  Experimental  Procedures 


A.  Hollow  Sphere  Processing  and  Characterization 

Millimeter-size  hollow  spheres  were  produced  using  a 
sacrificial  core  technique  using  polystyrene  spheres  under 
development  at  the  Georgia  Institute  of  Technology.  Spe¬ 
cific  details  of  the  process  are  unavailable  at  the  present 
time  to  retain  patent  rights,  but  the  process  uses  sacrificial 
polystyrene  (PS)  balls  that  are  tumbled  and  mixed  with  a 
powder  slurry.  Wall  thickness  is  controlled  through  rolling 
time  and  is  monitored  by  evaluating  green  density.  Diam¬ 
eters  are  determined  though  core  choice.  Several  batches 
of  spheres  were  produced  with  green  densities  (including 
PS  core)  ranging  from  0.05  to  0.5  g/cm^.  Core  diameters 
ranged  from  2  to  7  mm.  The  green  PT  spheres  were  cal¬ 
cined  at  550°  C  for  30  min  preceeded  by  a  heating  rate  of 
l°C/n[iin.  The  spheres  were  then  sintered  on  a  bed  of  lead 
zirconate  titanate  powder  in  a  closed  container  with  a  com¬ 
pensating  lead  source  (mixture  of  lead  oxide  and  zirconia 
powders)  at  1300°  C  for  3  h. 

The  sintered  hollow  spheres  were  then  immersed  in  low 
melting  wax  (Crystal  bond’^^)  for  polishing  into  shells  as 
shown  in  Fig.  1.  The  spheres  were  removed  and  cleaned 
with  acetone  after  the  final  aperture  size  was  achieved. 
The  shells  were  then  electroded  on  both  faces  using  sput¬ 
tered  gold.  Coating  thickness  averaged  30  to  35  nm.  Poling 
of  the  shell  was  achieved  at  140°C  by  applying  6.5  MV/m 
in  silicon  oil.  Capacitance  and  loss  were  measured  before 
and  after  poling.  The  piezoelectric  633  coefficient  was  also 
measured  using  a  Berlincourt  d33  meter  (Channel  Prod¬ 
ucts)  . 

For  the  evaluation  of  the  material  parameters,  guide¬ 
lines  set  by  the  IEEE  Standard  on  Piezoelectricity  were 
adopted  [7].  This  procedure  involves  the  measurement  of 
the  electrical  impedance  of  the  sample  as  a  function  of 
frequency  and  provides  a  convenient  way  of  determining 
the  piezoelectric  properties.  Using  this  methodology,  how¬ 
ever,  the  materials  were  assumed  to  be  lossless,  and  the 
parameters  were  assumed  to  be  real  and  non-dispersive 
near  resonance. 

Resonance  characteristics  were  measured  using  an 
impedance/gain  phase  analyzer  (HP  4194 A)  with  an 
HP41941-B  impedance  probe  adapter.  The  impedance 
probe  adapter  allowed  the  measurement  of  impedance  up 
to  100  MHz.  Samples  were  held  in  a  special  fixture  incorpo¬ 
rating  spring-loaded  gold  pins  that  limited  the  mechanical 
loading  on  the  sample.  The  impedance  spectra  of  the  ele- 


Transducer  Cross  Section 

Fig.  1.  Shell  transducer  construction  from  the  sphere  to  the  finished 
transducer. 


ments  were  analyzed  to  obtain  and  the  thickness  elec¬ 
tromechanical  coupling  coeflScient,  kf  Elements  with  the 
desired  properties  were  selected  for  transducer  fabrication. 

B.  Transducer  Fabrication  and  Characterization 

Transducers  were  assembled  by  placing  the  elements  on 
Scotch"^*^  tape  at  the  center  of  a  cylindrical  housing.  The 
aperture  of  the  element  was  determined  by  the  desired 
f-number  or  to  match  the  SO-fi  electronics.  The  cylin¬ 
der  was  filled  with  silver-loaded  epoxy  (Eccobond  3022; 
Za  =  6  MRayl)  and  was  allowed  to  cure  at  50°C  for  at 
least  4  h.  The  housing  was  then  insulated  by  using  heat 
shrink  tubing.  The  front  face  was  isolated  fi-om  the  con¬ 
ductive  backing  using  a  thin  epoxy  layer  applied  using  a 
syringe  needle.  The  transducer  assembly,  shown  in  Fig.  1, 
was  mounted  in  a  sub-miniature  co-axial  barrel  connec¬ 
tor  (SMA),  and  the  front  face  was  gold-sputtered  to  com¬ 
plete  the  ground  connection.  A  thin  layer  of  Parylene  C 
(Za  =  3.0  MRayls;  n  =  2150  mm//xs)  was  deposited  by 
evaporation  as  an  acoustic  quarter  wave  matching  layer. 

Pulse/echo  and  insertion  loss  data  were  collected  using 
a  water  tank  and  a  reflecting  nteel  target.  Excitation  was 
achieved  using  a  Panametrics  model  5900  pulser/receiver. 
The  reflected  waveform  was  received  and  digitized  ii.«!ing; 
a  500-MHz  LeCroy  oscilloscope.  The  parameters  for  the 
input  waveform  were  1  fij  energy,  50  damping,  40  dB 
attenuation,  and  40  dB  gain.  The  receive  waveform  was 
measured  at  the  focal  distance,  which  was  determined  by 
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maximizing  the  return  signal.  In  a  separate  experiment, 
an  insertion  loss  value  was  obtained  at  the  focal  distance 
at  the  center  frequency  using  a  tone  burst  by  dividing  the 
received  voltage  by  the  input  voltage.  This  value  was  not 
corrected  for  attenuation  from  water  or  the  steel  reflector. 
The  actual  focal  distance  was  calculated  based  on  the  time 
of  flight  of  the  received  signal.  Electrical  tuning  was  not 
used  for  these  transducers. 

C.  Transducer  Modeling 

Modeling  was  carried  out  using  PiezoCad  software 
(Sonic  Concepts,  Woodinville,  WA).  It  was  assumed  that 
radial  modes  were  suppressed  because  of  the  large  piezo¬ 
electric  anisotropy  in  lead  titanate  and  that  the  shell  acted 
in  a  pure  piston  mode.  Modeled  parameters  were  based  on 
material  properties  calculated  using  IEEE  methods  [7] . 

This  approach  allows  easy  calculations  of  the  effects  of 
backing  and  matching  layers  along  with  electrical  tuning  if 
necessary.  PiezoCad  was  used  to  model  input  impedance 
spectra  as  well  as  the  pulse/echo  response  and  insertion 
loss.  A  drawback  of  this  method  is  that  it  is  only  one¬ 
dimensional,  so  the  effects  of  focusing  and  diffraction  are 
not  considered. 


III.  Results  and  Discussion 
A.  PT  Hollow  Spheres 

PT  spheres  sintered  at  1300°C  for  3  h  showed  the  best 
dielectric  characteristics.  Depicted  in  Fig.  2  are  SEM  im¬ 
ages  of  a  polished  cross-section  and  interior  grain  size 
showing  dense  walls  and  grain  sizes  between  4  and  5  /xm. 
These  photos  also  show  a  surface  roughness  or  thickness 
variation  stemming  from  the  green  sphere  preparation,  A 
33  to  36%  shrinkage  of  the  spheres  during  firing  was  ob¬ 
served. 

Several  different  processing  runs  were  examined.  Each 
run  provided  different  wall  thicknesses.  It  was  observed 
that  as  wall  thickness  decreased,  wall  thickness  variation 
increased.  For  spheres  produced  with  70-  to  90-/xm  walls,  a 
thickness  variation  of  10%  was  found.  A  variation  of  20% 
was  obtained  for  spheres  with  50-  to  walls.  This 

is  a  significant  improvement  over  the  coaxial  nozzle  tech¬ 
nique  in  which  sphere  wall  thicknesses  varied  over  300% 
[3].  Improvements  in  green  sphere  preparation  are  contin¬ 
uing  to  be  made.  Average  wall  thickness  values  were  used 
in  calculations  when  needed. 

Dielectric  properties  and  impedance  spectra  were  ob¬ 
tained  for  electroded  shells  resonating  between  35  and 
50  MHz.  Free  dielectric  constants  averaged  280  with  loss 
factors  <2%.  A  piezoelectric  dzs  coefficient  of  68  pC/N 
was  obtained  for  these  samples.  The  impedance  spectrum 
in  air  of  a  shell  showed  only  a  pure  thickness  oscillation 
with  fp  =  50  MHz.  Fig.  3  shows  the  real  part  of  impedance 
and  admittance  from  which  the  parallel  and  series  reso¬ 
nance  frequencies  were  obtained  for  this  50-MHz  sample. 


Fig.  2.  SEM  micrographs  of  a)  a  polished  wall  cross-section 
(bar  =  50  fim)  and  b)  interior  grain  size  (bar  =  10  ^m)  of  PT  spheres 
sintered  at  1300*^0  for  3  h. 


As  can  be  seen,  a  broadened  peak  associated  with  a  thick¬ 
ness  variation  was  obtained.  For  the  samples  tested,  thick¬ 
ness  coupling  and  mechanical  quality  factors  calculated 
using  IEEE  equations  [7]  resulted  in  values  of  48  to  52% 
and  6  to  8,  respectively.  The  values  for  Q  vary  significantly 
from  typical  values  reported  for  PT  compositions  [8],  [9]. 
Use  of  the  bandwidth  approximation  for  Q  resulted  in  sim¬ 
ilar  numbers  [10]. 

Transducers  were  built  from  the  shells  and  evaluated. 
The  construction  of  these  transducers  was  found  to  be 
quite  simple.  The  impedance  spectrum  was  measured  in 
water  before  testing  to  verify  the  activity  of  the  element 
and  is  shown  in  Fig.  4.  The  receive  response  in  both  the 
time  and  frequency  domain  is  shown  in  Fig.  5.  This  trans¬ 
ducer  had  roughly  a  2-mm  aperture  size  and  was  obtained 
from  a  2.8-mm  diameter  sphere.  A  14-/xm  Parylene  C 
matching  layer  was  deposited  as  a  matching  layer.  The 
center  frequency  of  this  transducer  was  39.8  MHz  with  a 
6  dB  bandwidth  of  33%,  having  upper  and  lower  frequen¬ 
cies  of  46,3  and  33.3  MHz,  respectively.  The  observed  focal 
distance  was  calculated  to  be  1.43  mm  from  the  time  of 
flight  data.  The  insertion  loss  at  the  center  frequency  was 
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Fig.  4.  Impedance  spectrum  of  the  finished  transducer  in  water. 


Fig.  5.  Time  (a)  and  frequency  domain  plots  (b)  of  the  receive  re¬ 
sponse  of  a  40-MHz  PT  pre-focused  transducer. 


calculated  from  the  input  and  receive  signals.  The  trans¬ 
ducer  returned  0.775  V  of  a  transmit  voltage  of  7.86  V 
at  40  MHz,  giving  an  insertion  loss  of  —20.1  dB.  From 
the  impedance  plot  of  the  finished  transducer,  the  electri¬ 
cal  input  impedance  at  the  center  frequency  was  found  to 
be  73  0. 

Also  shown  in  Fig.  5  is  a  comparison  of  the  measured 
waveforms  to  the  simulated  waveforms.  Modeling  of  this 
transducer  using  PiezoCad  gave  a  receive  response  cen¬ 
tered  on  39.5  MHz  with  a  bandwidth  of  38%.  The  in¬ 
put  parameters  used  in  the  model  were  based  on  material 
properties  measured  or  calculated  based  on  IEEE  meth¬ 
ods.  Good  agreement  between  the  simulated  and  measured 
responses  will  allow  for  optimization  of  the  properties  of 
future  transducers  based  on  hollow  spheres. 

The  very  low  f-number  of  the  present  transducer  can 
provide  extremely  fine  lateral  resolution  in  imaging  appli¬ 
cations.  Because  the  low  f-number  is  achieved  without  a 
lens  (which  often  results  in  acoustic  reflections)  and  with 
high  sensitivity,  improved  imaging  should  result.  Typical 
UBM  scanning  is  performed  using  transducers  with  mod¬ 


erate  f-numbers  of  approximately  3  to  5.  At  40  MHz,  this 
corresponds  to  a  lateral  resolution  on  the  order  of  120  to 
200  ^tm.  With  an  f-number  of  0.7,  the  PbTiOa  device  de¬ 
scribed  previously  can  achieve  a  lateral  resolution  of  less 
than  40  fim.  This  capability  is  displayed  in  Fig.  6,  in  which 
the  theoretical  pulse-echo  amplitude  response  near  the  fo¬ 
cal  point  is  displayed  as  a  contour  plot.  The  limited  depth 
of  field  resulting  from  this  design  can  be  dealt  with  by 
using  a  B/D  scan  approach  as  described  by  Passman  and 
Ermert  [11].  The  B/D  scan  incorporates  multiple  B-scans 
each  with  a  limited  depth  of  field.  The  transducer  is  first 
scanned  laterally  to  acquire  a  single  image  with  a  shal¬ 
low  axial  depth.  The  transducer  is  then  indexed  axially  a 
distance  equal  to  the  transducer’s  depth  of  field.  Another 
B-scan  is  then  acquired,  this  time  imaging  deeper  within 
the  tissue  of  interest.  After  repeating  this  process  numer¬ 
ous  times,  a  composite  image  is  formed  by  combining  the 
multiple  scans  into  a  single  display. 

Production  of  larger  diameter  spheres  is  in  progress 
to  provide  focal  distances  suitable  for  dermatological  and 
ophthalmological  applications.  Also,  spheres  with  wall 
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Fig.  6.  Contour  plot  showing  the  theoretical  pulse-echo  amplitude 
response  near  the  focal  point.  Values  are  in  decibels.  . 


thickness  of  10  to  30  /xm  axe  now  being  evaluated  for  higher 
frequency  applications.  Highly  focused  transducers  with 
the  high  sensitivities  presented  here  have  potential  in  ul¬ 
trasonic  ablation  applications. 


IV.  Conclusions 

Hollow  spheres  were  successfully  produced  using  PT 
powders.  The  sacrificial  core  method  provides  a  technique 
for  producing  more  uniform  wall  thicknesses  with  a  large 
range  of  diameters.  Techniques  for  burnout  and  sintering 
the  green  spheres  were  devised  to  produce  spheres  with 
good  dielectric  characteristics.  Fabrication  of  shell  trans¬ 
ducers  from  these  spheres  was  found  to  be  very  simple 
and  time-saving  compared  with  other  focusing  techniques. 
High  sensitivity  was  found  for  these  PT  transducers,  veri¬ 
fying  the  xisefulness  of  this  technique  for  producing  single¬ 
element,  high  frequency  devices. 


Acknowledgments 

The  authors  thank  Scott  Sentz  of  Channel  Industries 
for  advice  on  PT. 


References 

[1]  K.  Shung  and  M.  Zipparo,  “Ultrasonic  transducers  and  ar¬ 
rays,”  IEEE  Eng.  Med.  pp.  20—30,  Nov. /Dec.  1996. 

[2]  R.  Meyer,  Jr.,  H.  Weitzing,  Q.  Xu,  Q.  Zhang,  J.  Cochran,  and  R. 
Newnham,  “PZT  hollow-sphere  transducers,”  J.  Amer.  Ceram. 
Soc.,  vol.  77,  no.  6,  pp.  1669-1672,  1994. 


[3]  S.  Alkoy,  P.  Lopath,  R.  Newnham,  A.  Hladky,  and  J.  Cochran, 
“Focused  spherical  transducers  for  ultrasonic  imaging,”  in  Pvoc. 
IEEE  Int.  Ultrason.  Symp.^  1997,  pp.  991-994. 

[4]  G.  Lockwood,  D.  Turnbull,  and  F.  Foster,  “Fabrication  of  high 
frequency  spherically  shaped  ceramic  transducers,"  IEEE  Trans. 
Ultrason.,  Ferroelect,  Pr^q.  Contr.,  vol.  41,  no.  2,  pp.  231-235, 
1994. 

[5]  M.  Zipparo,  K.  K.  Shung,  and  T.  Shrout,  “Piezoceramics  for 
high-frequency  (20  to  100  MHz)  single-element  imaging  trans¬ 
ducers,”  IEEE  Trans.  Ultrason.,  Ferroelect.,  Freq.  Contr.,  vol. 
44,  no.  5,  pp.  1038-1048,  Sep.  1997. 

[6]  J.  Zhao,  C.  Alves,  K.  Snook,  J.  Cannata,  W.  Chen,  R.  Meyer, 
Jr.,  S.  Ayyappan,  R.  Ritter,  and  K.  K.  Shung,  “Performance 
of  50  MHz  transducers  incorporating  fiber  composites,  PVDF, 
PbTiOa,  and  LiNbOa,"  in  Proc.  IEEE  Ultrason.  Symp.,  1999, 
pp.  1185-1190. 

7]  IEEE  Standard  on  Piezoelectricity,  ANSI/IEEE  Std.  176,  1987. 

8  Company  catalog,  EDO  Corp.,  Salt  Lake  City,  UT,  1999. 

9  Company  catalog,  Sensor  Technology  Ltd.,  Collingwood,  On¬ 
tario  Canada,  1999. 

[10]  E.  Kuntsal  and  W.  Bunker,  “Guidelines  for  specifying  underwa¬ 
ter  electroacoustic  transducers,”  presented  at  the  UDT-92  Con¬ 
ference,  London,  England,  Jun.  1992. 

[11]  C.  Passman  and  H.  Ermert,  “A  100  MHz  ultrasound  imaging 
system  for  dermatologic  and  ophthalmologic  diagnostics,”  IEEE 
Trans.  Ultrason.,  Ferroelect.,  Freq.  Contr.,  vol.  43,  no.  4, 


Richard  J.  Meyer  Jr.  was  born  in  Pitts¬ 
burgh,  Pennsylvania  on  May  7,  1971.  He 
studied  ceramic  science  and  engineering  and 
graduated  with  a  B.S.  degree  in  1993  as 
the  Student  Marshal  for  the  Materials  Sci¬ 
ence  and  Engineering  Department.  He  re¬ 
ceived  his  Master’s  degree  in  1995  in  Materi¬ 
als  at  the  Materials  Research  Laboratory  un¬ 
der  the  direction  of  Thomas  Shrout  and  Shoko 
Yoshikawa.  He  completed  his  Ph.D.  in  Octo¬ 
ber  1998  with  the  development  of  high  fre¬ 
quency  1-3  composite  transducers. 

After  graduation,  he  studied  one  year  as  a  post-doctoral  scholar 
under  the  supervision  of  Dr.  Robert  E.  Newnh2Lm  and  then  was  pro¬ 
moted  to  his  current  position  as  Research  Associate  at  the  Materi¬ 
als  Research  Laboratory,  The  Pennsylvania  State  University.  His  re¬ 
search  interests  include  ceramic  processing,  development  of  undersea 
and  medical  ultrasonic  devices,  and  composites  materials  for  actua¬ 
tors  and  transducers. 


Jul.  1996. 


Robert  E.  Newnham  (M’85)  was  born  in 
Amsterdam,  New  York  on  Mcurch  28,  1929. 
He  received  the  B.S.  degree  in  mathemat¬ 
ics  in  1950  from  Hartwick  College,  Oneonta, 
New  York;  the  M.S.  degree  in  physics  from 
the  Colorado  State  University,  Fort  Collins, 
Colorado;  a  Ph.D.  in  physics  and  mineralogy 
from  The  Pennsylvania  State  University;  and 
a  second  doctorate  in  crystallography  from 
the  Cambridge  University,  United  Kingdom 
in  1960. 

He  is  ALCOA  Professor  Emeritus  of  Solid 
State  Science  at  The  Pennsylvania  State  University,  University  Park, 
Pennsylvania.  Previously,  he  was  a  staff  member  of  the  Laboratory 
for  Insulation  Research  at  the  Massachusetts  Institute  of  Technology, 
Cambridge,  Massachusetts.  His  research  interests  are  in  structure- 
property  relations,  electro  ceramics,  and  composite  materials  for  elec¬ 
tronic  applications. 


MEYER,  JR.  et  all  PRE-FOCUSED  LEAD  TITANATE 


493 


Sedat  Alkoy  (S’96-A’99)  was  born  in 
Akhisar-Manisa,  Turkey  on  May  10.  He  re¬ 
ceived  the  B.S.  degree  in  metallurgical  engi¬ 
neering  in  1992  and  the  M.S.  degree  in  ma¬ 
terials  science  and  engineering  in  1994,  both 
from  the  Istanbul  Technical  University,  Istan¬ 
bul,  Turkey.  He  studied  one  year  at  the  Drexel 
University,  Philadelphia,  Pennsylvania,  before 
joining  the  Materials  Research  Laboratory 
(MRL)  at  The  Pennsylvania  State  University 
as  a  graduate  student  in  1995.  He  received 
the  Ph.D.  degree  in  materials  science  and  en¬ 
gineering  (Ceramic  Science  Program)  in  1999  from  The  Pennsylvania 
State  University. 

Following  his  graduate  work,  he  worked  as  a  post-doctoral  fellow 
at  MRL-PSU.  He  is  currently  on  the  faculty  of  the  Gebze  Institute 
of  Technology,  Turkey.  His  research  interests  include  ceramic  pro¬ 
cessing,  ferroelectrics,  development,  and  design  and  finite  element 
analysis  of  sensor-actuator  systems.  He  is  an  Associate  Member  of 
the  IEEE  Ultrasonics,  Ferroelectrics,  and  FVequency  Control  Society 
and  a  member  of  the  American  Ceramic  Society  and  the  Materials 
Research  Society. 


Joe  K.  Cochran,  Jr.  is  the  B.  Mifflin  Hood 
Professor  in  Materials  Science  and  Engineer¬ 
ing  at  the  Georgia  Institute  of  Technology, 
Georgia.  He  received  the  B.S.  degree  in  1965 
and  the  M.S.  degree  in  1968  from  Georgia  In¬ 
stitute  of  Technology  and  the  Ph.D.  from  The 
Ohio  State  University,  Ohio  in  1971.  All  de¬ 
grees  were  in  ceramic  engineering.  He  was  an 
instructor  at  Georgia  Institute  of  Technology 
from  1966  to  1968  and  has  been  on  the  fac¬ 
ulty  since  1971.  He  is  a  Fellow  of  the  American 
Ceramic  Society  (ACS),  recipient  of  the  He- 
wit  Wilson  Award  from  the  SE  Section  of  the  ACS,  and  served  as 
interim  director  of  MSE  in  1993. 

He  developed  a  process  for  fabricating  hollow  spheres  from  pow¬ 
ders.  His  research  interests  include  processing  and  properties  of  ce¬ 
ramic  foams,  premixed  radiant  burners,  rheology  of  high  solid  slur- 
ri^,  fine  powder  processing,  and  strength  of  low  density  materials. 
His  current  focus  is  hollow  spheres  and  foams  from  low  density  met¬ 
als. 


Timothy  A.  Ritter  (A’97)  was  bom  in  Har¬ 
risburg,  Pennsylvania  on  February  19,  1965. 
He  earned  his  B.S.  in  mechanicsd  engineer¬ 
ing  from  The  Pennsylvania  State  University, 
University  Park,  PA,  in  1987  and  his  M.S.  in 
physics  from  the  University  of  Connecticut, 
Storrs,  CT,  in  1991. 

Mr.  Ritter  is  presently  a  Ph.D.  student  in 
the  Bioengineering  Department  at  The  Penn¬ 
sylvania  State  University  and  serves  as  a  man¬ 
ager  of  the  NIH  Resource  Center  for  Medi¬ 
cal  Ultrasonic  Transducer  Technology.  His  re¬ 
search  interests  are  piezoelectric  transducers,  transducer  modeling, 
and  high  frequency  arrays.  He  is  an  Associate  Member  of  the  IEEE. 


APPENDIX  43 


APPLIED  PHYSICS  LETTERS 


VOLUME  76,  NUMBER  25 


19  JUNE  2000 


High-dielectric-constant  ceramic-powder  polymer  composites 
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A  ceramic-powder  polymer  composite,  making  use  of  a  relaxor  ferroelectric  polymer  that  has  a  high 
room-temperature  dielectric  constant  as  the  matrix,  is  developed.  The  experimental  data  show  that 
the  dielectric  constant  of  the  composites  with  Pb(Mgi/3Nb2/3)03~PbTi03  powders  can  reach  more 
than  250  with  weak  temperature  dependence.  In  addition,  the  composites  under  a  proper  preparation 
procedure  exhibit  a  high  breakdovm  field  strength  (>120  MV/m),  leading  to  a  maximum  energy 
storage  density  of  more  than  15  J/cm^.  Experimental  results  also  indicate  that  the  high  electron 
irradiation  does  not  have  much  effect  on  the  dielectric  behavior  of  Pb(Mgi/3Nb2/3)03-PbTi03 
powders,  possibly  due  to  the  relaxor  nature  of  the  ceramic.  ©  2000  American  Institute  of  Physics. 
[80003-6951(00)04925-1] 


By  integrating  two  or  more  materials  with  complemen¬ 
tary  properties,  composite  materials  offer  the  potential  to 
have  performance  far  beyond  those  of  the  constituent 
materials.^  For  instance;  ferroelectric  ceramics  possess  very 
high  dielectric  constant  but  are  brittle  and  have  low  dielectric 
strength.  On  the  other  hand,  polymers  are  flexible,  easy  to 
process  with  low  processing  temperature,  and  possess  high 
dielectric  breakdown  field.  By  combining  these  two,  one 
may  be  able  to  develop  a  new  material  with  high  dielectric 
constant  and  high  breakdown  field  to  achieve  high  volume 
efficiency  and  energy  storage  density  for  applications  of  ca¬ 
pacitors  and  electric  energy  storage  devices.  In  the  past 
twenty  years,  a  great  deal  of  effort  has  been  devoted  to  the 
development  of  ceramic  powder  polymer  composites  (0-3 
composites). However,  due  to  the  low  dielectric  constant 
of  polymer  matrix  (usually  below  10),  the  dielectric  constant 
of  0—3  composites  developed  to  date  is  at  the  level  of  about 
60  at  room  temperature."^"^ 

Recent  research  on  P(VT)F-TrFE)  copolymer  found  that 
high  energy  electron  irradiation  with  proper  dosage  can  in¬ 
crease  its  room  temperature  dielectric  constant  to  more  than 
50  over  a  relative  broad  temperature  range.*^  In  addition,  the 
high  energy  irradiation  converts  the  copolymer  from  a  nor¬ 
mal  ferroelectric  into  a  relaxor  ferroelectric,  which  removes 
the  large  polarization-field  hysteresis  under  high  field,  typi¬ 
cal  in  the  normal  ferroelectric  copolymers.  These  features 
provide  a  great  opportunity  for  the  development  of  high  di¬ 
electric  constant  0-3  composites.  In  this  letter,  we  report  the 
results  of  the  development  and  characterization  of  0-3  com¬ 
posites  based  on  the  irradiated  copolymer  as  the  polymer 
matrix.  We  will  show  that  the  composite  thus  developed  has 
a  much-improved  dielectric  constant.  In  addition,  under  a 
proper  processing  condition,  the  breakdown  field  of  the  com¬ 
posite  can  reach  more  than  120  MV/m. 

The  P(VDF-TrFE)  50/50  mol  %  copolymer  (purchased 
fi*om  Solvay  and  Cie,  Belgium)  was  chosen  for  the  polymer 
matrix  since  it  can  be  easily  converted  into  a  relaxor  under 
relatively  low  irradiation  dose.^  Pb(Mg|/3Nb2/3)03-PbTi03 
(PMN-PT)  ceramic  powder  (PMN-85,  TRS  Ceramics,  Inc.) 


“^Electronic  mail:  qxzl@psu.edu 


which  is  also  a  relaxor  ferroelectric  with  high  room  tempera¬ 
ture  dielectric  constant  was  used  as  filler.®  The  composite 
was  prepared  using  solution  cast  method.  P(VDF/TrFE)  co¬ 
polymer  was  dissolved  in  methyl-ethyl  ketone,  and  a  proper 
amount  of  PMN-PT  ceramic  powder  (average  particle  diam¬ 
eter  is  0.5  /um)  was  added  into  the  solution,  which  was  thor¬ 
oughly  mixed  with  the  solvent.  The  suspension  was  then 
poured  onto  a  glass  plate  to  remove  the  solvent  (at  room 
temperature  for  1  h),  resulting  in  a  composite  film  of  about 
15  fxm  thick.  All  these  were  carried  out  in  a  clean  bench 
(class  1000).  The  film  was  then  heated  in  a  vacuum  oven  at 
70  ®C  for  12  h  to  further  remove  any  remaining  traces  of  the 
solvent.  Then  it  was  folded  to  an  average  area  of  3  X  2  inches 
and  melt  pressed  at  170  °C  (above  the  melting  point  of  the 
copolymer)  under  15  000  lbs  of  force,  which  was  used  to 
remove  any  possible  pores  in  the  composite.  It  was  found 
that  only  by  following  this  procedure,  the  breakdown  field  of 
the  composite  can  reach  more  than  120  MV/m.  Scanning 
electron  microscopy  (SEM)  micrograph  shows  that  the  com¬ 
posites  thus  prepared  have  a  uniform  ceramic  powder  distri¬ 
bution  in  the  polymer  matrix.  The  typical  thickness  of  the 
pressed  composite  was  about  20  /im.  Finally,  the  composite 
was  annealed  at  140  °C  in  vacuum  for  12  h  and  slowly 
cooled  down  to  room  temperature.  Composites  with  volume 
percentage  of  the  ceramic  from  10%  to  60%  were  prepared 
and  irradiated  at  120  °C  with  the  energy  of  the  electron 
source  of  2.55  MeV  and  various  dosages  (40,  60,  and  80 
Mrad).  It  should  be  noted  that  for  such  a  high  energy  the 
penetration  depth  of  the  electron  is  more  than  0.2  mm  into  a 
lead  plate  (more  than  90%  of  the  electron  energy  still 
remained).^  Hence,  for  the  composites  with  20  fim  thickness, 
the  electron  will  pass  through  the  material  without  much 
absorption  by  the  material. 

For  the  electric  characterization,  the  films  were  cut  into 
small  pieces  of  5  X  5  mm  and  circular  gold  electrodes  with  3 
mm  radius  were  sputtered  in  the  center  on  both  sides  of  each 
sample.  The  dielectric  properties  as  a  function  of  temperature 
were  measured  at  frequencies  from  100  to  100  kHz  using  a 
dielectric  analyzer  (DEA  2970,  TA  Instrument).  The  fre¬ 
quency  dependence  of  the  dielectric  constant  and  loss  at  a 
constant  temperature  was  measured  by  means  of  an  imped- 
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FIG.  1 .  Variation  of  the  dielectric  constant  of  the  composites  (before  irra¬ 
diation)  with  the  volume  percentage  of  the  ceramic  (measured  at  room  tem¬ 
perature  and  100  Hz).  Dots  are  data  points  and  solid  curve  is  from  Eq.  (1). 


ance  analyzer  (HP  4194A,  HP)  from  1  kHz  to  100  MHz.  In 
order  to  evaluate  the  breakdown  strength,  the  sample  was 
immersed  in  silicon  oil  and  a  direct-current  (dc)  voltage  was 
applied  using  a  high  voltage  supply  (Trek,  610D). 

The  composites  prepared  before  the  irradiation  were 
characterized  and  Fig.  1  shows  the  dielectric  constant  mea¬ 
sured  at  100  Hz  as  a  function  of  the  volume  percentage  of 
ceramic  powder  (unirradiated).  As  expected,  the  dielectric 
constant  increased  with  the  volume  fraction  of  ceramic  filler. 
In  the  past,  there  have  been  many  efforts  in  developing  mod¬ 
els  for  0-3  composites.  It  was  found  that  the  expression 
developed  by  Yamada  et  al  can  fit  the  data  well  (solid  curve 
in  the  figure), 


nq{K,-K^) 

1  J _ C  p/ _ 


where  K  is  the  dielectric  constant  of  the  composite,  Kp  and 
Kc  are  the  dielectric  constants  of  the  polymer  matrix  and  the 
ceramic,  respectively,  q  is  the  volume  fraction  of  ceramic 
and  «  is  a  parameter  related  to  the  geometry  of  ceramic 
particles.^®  For  the  copolymer,  Kp  at  room  temperature  is  17, 
which  is  directly  measured  at  100  Hz.  The  values  of  and 
n  obtained  from  the  fitting  to  Eq.  (1)  are  1400  and  10.6, 
respectively  (n  value  is  also  in  agreement  with  that  found  in 
Ref.  10).  After  irradiated  with  40  Mrad,  Kp  is  increased  to 
46,  while  n  remains  the  same  since  it  is  only  related  to  the 
geometry  of  ceramic  powders.  K^  calculated  using  Eq.  (1) 
from  the  dielectric  constant  of  the  irradiated  composites  is 
1360.  This  result  indicates  that  the  irradiation  does  not  have 
a  significant  effect  on  the  dielectric  properties  of  the  ceramic 
filler.  In  addition,  PMN-PT  bulk  ceramics  with  the  compo- 
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FIG.  2.  Dielectric  constant  of  the  composites  with  50%  volume  percentage 
of  ceramic  powder  under  different  irradiation  doses 


of  powders,  which  results  in  a  nonuniform  distribution  of  the 
ceramic  powder.  Therefore,  in  this  study,  only  the  compos¬ 
ites  with  50%  volume  fraction  of  ceramic  powder  were  cho¬ 
sen  for  further  investigation. 

Presented  in  Fig.  2  is  the  dielectric  constant  (1  kHz)  as  a 
function  of  temperature  for  irradiated  composites  with  50% 
ceramic  volume  content.  The  data  shows  that  over  a  rela¬ 
tively  broad  temperature  range,  the  dielectric  constant  is 
quite  high  and  exhibits  a  weak  temperature  dependence.  Fur¬ 
thermore,  by  adjusting  the  dosage,  the  level  of  the  dielectric 
constant  and  the  flatness  of  temperature  dependence  can  also 
be  varied,  as  can  be  seen  in  Fig.  2,  where  the  dielectric 
constant  for  composites  irradiated  at  different  dosages  is 
shown.  In  comparison,  the  dielectric  constant  of  unirradiated 
composite  is  also  presented,  which  shows  a  stronger  tem¬ 
perature  dependence.  In  addition,  the  copolymer  matrix  is 
still  a  normal  ferroelectric  and  under  high  fields  the 
polarization-field  curve  of  the  composites  exhibits  large  hys¬ 
teresis. 

Frequency  dependence  of  the  room  temperature  dielec- 


Frequency  (Hz) 


sition  similar  to  that  used  in  the  composite  were  also  irradi¬ 
ated  and  the  dielectric  constant  before  and  after  the  irradia¬ 
tion  does  not  show  much  change.  This  could  be  due  to  the 
fact  that  PMN-PT  is  a  relaxor  ferroelectric  that  already  pos¬ 
sesses  frozen  in  defects,  and  therefore,  the  additional  defects 
induced  by  the  irradiation  do  not  have  as  much  effect  in  the 
dielectric  properties  as  that  on  normal  ferroelectric  ceramics, 
where  the  irradiation  effect  seems  more  significant.^^ 

Figure  1  also  reveals  that  when  volume  percent  of  the 
ceramic  powder  increases  to  60%,  the  measured  dielectric 
constant  of  composite  becomes  much  lower  than  that  pre¬ 


dicted  from  Eq.  (1).  This  is  probably  caused  by  two  factors. 
First,  the  high  volume  fraction  of  ceramic  filler  in  compos¬ 
ites  may  result  in  an  increase  in  porosity.  In  addition,  the 

high  volume  percent  of  ceramic  may  lead  to  agglomeration 
Downloaded  02  Jun  2001  to  146.1 86.1 1 3.21 5,  Redistribution  subi 


FIG.  3.  (a)  Dielectric  properties  of  the  composite  with  50%  volume  percent¬ 
age  of  the  ceramic  powder  and  irradiated  with  40  Mrad  doses  as  a  function 
of  frequency  measured  at  room  temperature  and  (b)  Cole-Cole  plot  of  the 
dielectric  data  where  K'  and  K”  are  the  real  and  imaginary  part  of  the 
dielectric  constant. 
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FIG.  4.  Dielectric  properties  measured  at  different  temperature  as  a  function 
of  frequency  for  the  composite  with  50%  volume  percentage  of  the  ceramic 
powder  and  irradiated  with  40  Mrad  doses:  (a)  the  dielectric  constant  and  (b) 
the  dielectric  loss. 

trie  constant  and  tan  d  of  the  composite  irradiated  with  40 
Mrad  at  120  ®C  are  shown  in  Fig.  3(a).  It  is  evident  that  the 
dielectric  absorption  of  the  composite  with  a  maximum  near 
1  MHz  is  a  simple  relaxation  process,  as  shown  in  Fig.  3(b), 
which  can  be  fitted  quite  well  with  the  modified  Cole -Cole 
equation 

which  yields  h:„=50.832,  Ah:=  173.2.  a=0.484,  7 
=  61.69 /iS,  indicating  that  the  composite  has  a  dielectric 
constant  of  50  at  100  MHz  and  this  value  is  comparable  to 
those  of  current  materials  used  in  microwave  applications.^^ 
Moreover,  with  increased  temperatures,  the  relaxation  fre¬ 
quency  l/r  moves  progressively  to  higher  frequencies  as 
shown  in  Fig.  4,  resulting  in  a  higher  dielectric  constant  at 
high  frequencies.  For  instance,  the  dielectric  constant  of  the 
composite  can  be  higher  than  150  at  10  MHz  when  measured 
at  90  °C  and  above. 

We  also  characterized  the  irradiated  composites  for  pos¬ 
sible  applications  of  electric  energy  storage  devices.  In  that 
application,  the  maximum  stored  energy  density  is  an  impor¬ 
tant  parameter  and  for  a  linear  dielectric  as  the  composites 
studied  here,  the  maximum  stored  energy  per  unit  volume  is 

U=kK€oEl^,  (3) 

where  K  is  the  relative  dielectric  constant  and  is  the 


maximum  field,  which  can  be  applied  to  the  material  (pro¬ 
portional  to  the  breakdown  field  of  the  material).*^  For  di¬ 
electric  materials,  it  is  well  known  that  the  breakdown  field 
will  depend  on  sample  thickness  and,  in  general,  will  in¬ 
crease  as  the  thickness  is  reduced  (due  to  the  avalanche 
phenomenon). For  the  thickness  studied  here  (*^20  /im), 
the  breakdown  field  for  the  irradiated  copolymer  is  about  350 
MV/m  while  for  the  ceramic,  it  is  below  10  MV/m.'®’*^  In 
the  0-3  composites,  the  complicated  geometry  makes  it  dif¬ 
ficult  to  predict  exactly  the  level  of  the  breakdown  field  and 
no  systematic  thickness  dependence  of  the  breakdown  field 
was  observed.  Instead,  in  this  study  it  was  found  that  the 
main  causes  for  the  breakdown  are  due  to  the  extrinsic  ef¬ 
fects  such  as  inclusion  of  the  air  bulbs,  dust,  and  residual 
solvent  in  the  composites.  For  instance,  by  preparing  the 
composites  in  a  class  1000  clean  bench  rather  than  in  a  nor¬ 
mal  environment  raised  the  breakdown  field  from  80  to  120 
MV/m.  Using  K  of  250  and  iE:niax=  120  MV/m,  Eq.  (1)  yields 
that  the  maximum  stored  energy  of  the  composite  is  more 
than  15  J/cm^  higher  than  those  reported  from  the  current 
literatures.^® 
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Abstract.  Using  the  transfer  matrix  method  and  Floquet’s  theorem  we  have  derived  the 
dispersion  relation  for  acoustic  wave  propagation  in  a  periodic  layered  structure  in  which 
each  unit  cell  contains  several  sub-layers  of  different  materials.  Structures  with  unit  cells 
containing  two,  four  and  six  sublayers  of  different  thickness  and  two  types  of  materials  were 
used  as  examples  for  our  study.  It  was  found  that  narrow  passbands  and  broad  stopbands 
could  be  obtained  when  the  unit  cell  has  more  than  two  sublayers.  The  calculated  results  were 
verified  experimentally  using  glass-water  structures  containing  only  one  to  three  cells.  Good 
agreement  was  obtained  between  the  experimental  results  and  the  transfer  matrix  calculations. 
Desired  bandgap  structures  can  be  produced  in  less  than  three  cells,  revealing  application 
potential  for  the  bandgap  materials  in  vibration  control  devices  and  acoustic  filters. 


1.  Introduction 

In  recent  years,  photonic  bandgap  materials  have  been 
widely  studied  [1-3].  These  materials  are  made  of  periodic 
arrays  of  two  transparent  dielectrics.  Such  a  structure  can 
produce  stopbands  in  which  electromagnetic  waves  of  certain 
frequencies  cannot  propagate,  which  is  analogous  to  the 
Bragg  reflection  of  electrons  in  solids.  The  study  of  photonic 
crystals  arouses  the  interest  in  phononic  (acoustic)  bandgap 
structures  because  the  nature  of  wave  propagation  is  the  same. 

Periodic  structures  exhibiting  acoustic  bandgaps  were 
predicted  theoretically  [4-9].  Several  theoretical  methods 
have  been  developed  to  study  the  bandgap  phenomena,  such 
as  the  transfer  matrix  method  [6],  plane- wave  method  [7, 8] 
and  effective  medium  method  [9].  There  are  also  a  few 
experimental  investigations  reported  in  the  literature  on  this 
topic  [10-12].  The  existence  of  acoustic  bandgaps  is  of 
interest  for  many  applications,  such  as  elastic/acoustic  wave 
filters,  ultrasonic  silent  blocks  (or  acoustic  passband  mirrors), 
and  the  concept  can  also  help  to  improve  the  efficiency  of 
ultrasonic  transducers  [13, 14]. 

All  previously  reports  on  wave  propagation  in  periodic 
acoustic  media  were  focused  on  layered  structures  with 
only  two  sublayers  in  each  unit  cell.  In  this  paper,  we 
use  the  transfer  matrix  method  and  Floquet’s  theorem  to 
derive  the  dispersion  relations  of  acoustic  waves  in  layered 
structures  in  which  each  unit  cell  contains  several  sublayers 
of  different  materials  with  different  thickness.  The  periodic 
structures  made  of  two,  four  and  six  sublayers  of  two 
different  materials  were  selected  as  demonstration  cases 

t  Permanent  address:  Physics  Department,  Suzhou  University,  Suzhou 
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for  easy  comparison  with  experiments.  For  finite  size 
periodic  structures,  Floquet’s  theorem  does  not  apply  and  the 
transmission  coefficient  spectrum  was  calculated  using  the 
transfer  matrix  technique;  the  numerical  results  were  verified 
by  experiments  for  a  system  containing  only  three  cells. 

2.  Dispersion  relation  for  infinite  periodic  layered 
structures 

Assuming  an  infinite  periodic  layered  structure  in  which  each 
unit  cell  contains  M  sublayers.  The  material  and  thickness  of 
these  sublayers  are  all  different.  Figure  1  illustrates  a  unit  cell 
of  the  infinite  periodic  layered  structure  under  study.  When 
an  acoustic  plane  wave  is  incident  normal  into  the  structure, 
we  can  write  the  wavefunction  inside  the  mth  layer  of  the  /7th 
cell  in  the  following  form: 

^n.n,  =  a„,„  (1) 

where  n  is  the  unit  cell  number  and  m  is  the  layer  number 
within  the  /2th  cell.  The  first  and  the  second  terms  on  the 
right-hand  side  of  equation  (1)  represent  the  forward  and 
the  backward  waves,  respectively;  km  =  lufjcm  is  the 
wavevector  for  waves  propagating  in  material  /n;  /  is  the 
wave  frequency;  and  Cm  is  the  phase  velocity  of  the  acoustic 
wave  in  the  /nth  layer. 

The  continuity  requirements  for  the  wavefunction  and 
the  stress  at  the  interface  between  the  sublayers  in  the  nth 
unit  cell  lead  to  the  following  relations  among  the  coefficients 

^n,j  j  [6,  15] 
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enlarged  cell  n 


Material  1  Material  2  Material  m  Material  M 


Figure  1.  A  one-dimensional  layered  structure  with  each  unit  cell 
consisting  of  M  sublayers  of  different  materials  with  different 
thickness. 
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Figure  2.  Dispersion  relations  for  infinite  multilayer  periodic 
structures:  (a)  two  sublayers  in  each  unit  cell,  di  =  3.690  mm 
(glass)  and  d2  =  2.310  mm  (water);  (b)  four  sublayers  in  each  unit 
cell,  d\  =  1.230  mm  (glass),  di  —  1.010  mm  (water), 

^3  =  2.460  nun  (glass)  and  d^  =  1.300  mm  (water);  (c)  six 
sublayers  in  each  unit  cell,  di  =  1.230  mm  (glass),  dz  =  0.650  mm 
(water),  ds  =  1.230  mm  (glass)  and  ^^4  =  1,155  mm  (water), 
ds  =  1.230  mm  (glass),  de  =  0.505  mm  (water). 


where  the  (2  x  2)  transfer  matrix  is  given  by 


a  «)=n(^:  1:) 


with 


Zm  +  Zm+1 

2z„ 


Br, 


2z„ 


(3) 


In  equation  (3)  Cm  and  Dm  are  the  complex  conjugates 
of  Bm  and  Am  respectively,  Zm  =  Pm’^m  is  the  acoustic 
impedance  with  pm  and  Vm  the  density  and  velocity  of 
the  /nth  sublayer,  respectively,  and  Xm  is  the  coordinate 
of  the  interface  between  the  /nth  and  (m  +  l)th  sublayers. 
Equation  (3)  includes  the  acoustic  properties  of  all  layers  in 
one  unit  cell. 

According  to  Floquet’s  theorem,  for  an  infinite  one¬ 
dimensional  periodic  system,  the  coefficients  Qnj  and  bnj 
for  the  same  material  in  different  unit  cells  must  be  the  same 
except  a  phase  shift,  i.e.. 


(S:; 

where  k  is  the  effective  wavevector  for  waves  propagating  in 
the  whole  structure  and  d  is  the  unit  cell  size  (period). 

Using  (2)  and  (4)  we  can  derive  the  dispersion  relation 
for  the  whole  structure, 


A:  =  i  arccos  Q  •  (5) 

Equation  (5)  has  been  obtained  in  periodic  layered  structures 
with  two  sublayers  in  each  unit  cell  [15].  For  the  multiplayer 


unit  cell  situation,  the  quantity  (A  +  D)  in  (5)  can  be  obtained 
directly  from  (3): 


iw  M-I  Af  ^  X 

Z)  =  f[cos(MA)-£  £(-  +  -) 
n  sin(M*)l  fl 


A  +  Z)  = 


smOckdk) 

- 

-3  M~\  j-\  M 


-I 


cos(kidi) 


M-1  J-i  M  /  \ 

-EE 

j=h+2  k=h‘i-l  l=j+l  V  / 

^  j"  1 1  sin(^^^OT)l  r  I  I  cos(fe/,^/;i)1 

M-5  M-3  M~l  j-l  k-\  M  /  X 

-EE  E  E  E  E 

/i=l  7=A+2Jk=/i44/=A+lm=;+l«=jt+l  ZhZjZk  / 

xF  J~[  sin(/:p</p)l  cos(k^dg) 
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X  r  j-r  J 

\ZmZnZpZq  ZhZjZkZl  )  \.r=h.iXUm.n,p,q  J 


M 

n 

s{^h,j,k,lymynyPyq)—\ 


cos{ksds)  ~ 


(6) 


where  the  subscripts  h,  k,  /,  /n,  /i,  //,  r  and  s  are  all 
integers.  When  there  are  two,  four  and  six  sublayers  in  a  unit 
cell,  (6)  is  truncated  at  the  second,  third  and  fourth  terms, 
respectively,  and  the  specific  forms  of  (A  +  D)  are  given  in 
the  appendix. 

In  figure  2,  we  show  the  calculated  dispersion  relations 
for  acoustic  waves  propagating  through  infinite  periodic 
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layered  structures  with  each  unit  cell  containing  two,  four  and 
six  sublayers.  The  sublayers  were  made  of  two  materials  with 
different  thickness  and  arranged  alternately  within  the  unit 
cell.  The  properties  of  the  two  materials  are:  (1)  glass  with  a 
density  of  2459  kg  m”^  and  a  phase  velocity  of  5660  m  s”* 
and  (2)  distilled  water  with  a  density  1000  kg  m~^  and  a 
phase  velocity  of  1480  m  s"^  In  each  case,  the  volume  ratio 
between  the  glass  and  the  water  was  kept  constant,  and  the 
cell  period  was  kept  at  J  =  6.0  mm.  Figure  2(a)  is  a  typical 
dispersion  relation  for  an  infinite  periodic  one-dimensional 
structure  formed  by  unit  cells  of  two  sublayers.  The 
piecewise  dispersion  curves  represent  the  passbands  while  the 
gaps  are  the  stopbands.  If  the  unit  cell  contains  four  sublayers 
of  water  and  glass,  narrow  passbands  are  produced,  as  shown 
in  figure  2(b),  except  the  first  two  passbands.  Extremely 
narrow  passbands  appear  if  the  unit  cell  is  divided  into  six 
different  sublayers  as  shown  in  figure  2(c).  Many  passbands 
become  almost  a  straight  line  perpendicular  to  the  frequency 
axis.  Although  the  number  of  passbands  for  the  cases  shown 
in  figures  2(a)-(c)  remains  unchanged  in  the  frequency  range 
0-2  MHz,  the  bandwidth  ratio  between  the  stopbands  and 
passbands  increases  significantly  from  2.69  for  the  case  in 
figure  2(a)  to  6.08  for  the  case  in  figure  2(b)  and  to  6.97  for  the 
case  in  figure  2(c).  In  other  words,  bandgaps  become  much 
wider  when  we  subdivide  the  unit  cell  into  non-equivalent 
sublayers.  The  only  exceptions  are  the  first  passband  and  the 
first  stopband,  they  become  wider  and  narrower,  respectively, 
when  the  unit  cell  is  divided  into  more  sublayers. 

The  Floquet  condition  equation  (4)  is  valid  only  for 
infinite  systems,  which  does  not  reflect  the  experimental 
situation  since  the  measured  structures  are  always  finite  in 
size.  For  a  finite  system,  the  dispersion  relation  can  be 
obtained  by  the  transfer  matrix  technique  defined  in  [6]: 
Band  structures  are  not  fully  developed  for  a  finite  system; 
therefore,  it  is  more  meaningful  to  look  at  the  frequency 
spectrum  of  the  transmission  coefficient. 

3.  Frequency  spectrum  of  the  transmission 
coefficient  of  multi-sublayer  periodic  structures  of 
finite  size 

We  select  glass  and  water  as  the  base  material  for  convenience 
in  experimental  testing.  A  dissipation  factor  was  introduced 
in  the  calculations  through  adding  a  small  imaginary 
component  to  the  phase  velocity  in  glass,  i.e.  Cg  =  (5660  + 
lOi)  m  s“^  Each  test  structure  contains  only  one  to  three 
cells  with  each  cell  contains  two,  four  and  six  sublayers  of 
glass  and  water  in  an  alternating  arrangement.  The  transfer 
matrix  technique  defined  in  [6]  for  a  finite  system  was  used 
to  calculate  the  acoustic  band  structure. 

The  experiments  were  conducted  in  a  water  tank  using 
a  set-up  similar  to  that  described  in  [12, 13].  Two  broadband 
ultrasonic  transducers  with  centre  frequency  of  1 .5  MHz  were 
used  to  cover  the  frequency  range  of  0.5-2  MHz,  one  as 
the  transmitter  and  the  other  as  the  receiver.  The  nominal 
active  diameter  of  the  transducers  is  12  mm.  The  transmitting 
transducer  was  driven  by  a  DPR35  Pulser/Receiver  and  the 
received  signal  was  fed  to  a  digital  oscilloscope  (Tektronix 
TDS  460A  with  fast  Fourier  transform  analysis  capabilities). 


Figure  3.  Calculated  and  measured  transmission  coefficients  as 
functions  of  frequency  for  finite  periodic  structures  containing  two 
sublayers  in  the  unit  cell.  The  thickness  values  of  the  two 
sublayers  are  the  same  as  those  in  figure  2(a):  (a)  a  structure  with 
only  one  unit  cell,  (b)  a  structure  with  two  unit  cells  and  (c)  a 
structure  with  three  unit  cells. 


Figure  4.  Calculated  and  measured  transmission  coefficients  as 
functions  of  frequency  for  finite  structures  containing  four 
sublayers  in  the  unit  cell.  The  thickness  values  of  the  four 
sublayers  are  the  same  as  those  in  figure  2(b):  (a)  a  structure  with 
only  one  unit  cell,  (b)  a  structure  with  two  unit  cells  and  (c)  a 
structure  with  three  unit  cells. 

A  ten-signal  average  scheme  was  used  to  improve  the  signal- 
to-noise  ratio  and  the  reference  signal  of  water  was  subtracted 
in  the  data  processing  stage. 

Figure  3  shows  the  calculated  and  measured  frequency 
spectra  of  the  transmission  coefficient  for  structures 
consisting  of  one,  two  and  three  cells  with  each  unit  cell 
containing  only  one  layer  of  glass  and  one  layer  of  water. 
Good  agreement  was  obtained  between  the  measured  and 
calculated  spectra  of  the  transmission  coefficient.  Gibbs- 
type  oscillations  are  seen  in  the  passband  for  the  case  shown 
in  figure  3(c),  which  is  consistent  with  that  of  [12]. 

Figure  4  is  for  the  case  with  four  sublayer  unit  cells, 
i.e.,  two  layers  of  water  and  two  layers  of  glass  arranged 
alternately  in  the  cell.  The  unit  cell  size  and  the  volume  ratio 
of  the  two  types  of  materials  were  kept  the  same  as  the  case 
shown  in  figure  3 .  It  is  interesting  to  note  that  a  band  structure 
with  two  narrow  passbands  can  be  seen  with  only  one  unit 
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Figure  5.  Calculated  and  measured  transmission  coefficients  as 
functions  of  frequency  for  finite  structures  containing  six  sublayers 
in  the  unit  cell.  The  thickness  values  of  the  six  sublayers  are  the 
same  as  those  in  figure  2(c):  (a)  a  structure  with  only  one  cell,  (b)  a 
structure  with  two  cells  and  (c)  a  structure  with  three  unit  cells. 

cell.  The  results  also  suggest  that  two  unit  cells  appear  to 
be  enough  to  provide  well  defined  bandgaps  (figure  4(b)). 
This  is  a  significant  finding  because  the  total  thickness  of  the 
structure  allowed  in  real  applications  is  always  limited. 

The  band  structure  of  the  six  sublayers  unit  cell  systems 
(i.e.  three  layers  of  water  and  three  layers  of  glass)  is  shown 
in  figure  5.  The  period  and  the  volume  ratio  of  the  two  types 
of  materials  were  kept  the  same  as  for  the  cases  shown  in 
figures  3  and  4.  Narrower  passbands  than  those  of  figures  3 
and  4  were  obtained  in  the  frequency  range  of  0.5-2  MHz, 
which  is  consistent  with  the  dispersion  relation  for  an  infinite 
system  (figure  2(c)).  The  predicted  small  peak  centred  at 
about  1.38  MHz  has  a  very  weak  intensity  and  could  not  be 
detected  in  the  experiments. 

4.  Conclusions 

Acoustic  bandgaps  produced  by  periodic  structures  originate 
from  multiple  reflections  at  the  interface  due  to  the 
impedance  mismatch  between  the  adjacent  materials.  In 
this  investigation,  we  subdivided  the  unit  cell  into  several 
different  sublayers,  which  can  alter  the  band  structures. 
Using  the  transfer  matrix  method  and  Floquet’s  theorem, 
the  dispersion  relations  were  derived  for  infinite  periodic 
structures  with  the  unit  cell  containing  arbitrary  number 
of  sublayers  made  of  different  materials  with  different 
thickness.  Numerical  calculations  were  performed  for  the 
cases  with  unit  cells  containing  two,  four  and  six  sublayers 
made  of  glass  and  water.  The  results  showed  that  narrow 
passbands  are  produced  when  the  unit  cell  is  subdivided  into 
more  than  four  sublayers.  The  ratio  of  the  total  stopband 
width  versus  passband  width  increases  significantly  from 
the  case  of  two  sublayer  cells  to  the  case  of  six  sublayer 
cells.  These  theoretical  results  were  confirmed  by  the 
measurements  of  the  frequency  spectrum  of  the  transmission 
coefficient  for  several  finite  structures.  Our  results  showed 
that  it  is  possible  to  produce  high-quality  acoustic  filters  with 
very  narrow  passbands  using  less  than  three  cells  when  the 
unit  cell  is  subdivided  into  more  than  four  layers. 
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Appendix 

The  expression  of  (A  +  D)  in  equation  (6)  for  different 
numbers  of  sublayers  in  one  unit  cell. 

(1)  Each  cell  contains  two  sublayers: 

A  +  D  =  cos(fei^i)  cos(k2d2) 

+i  /  £l  +  I  sin(*i£fi)  sinC^zafa).  (Al) 

^  \Z2  Zl/ 

(2)  Each  cell  contains  four  sublayers: 

A  +  D  -  cos(^ii/i)  COS(k2d2)  cosiksdz)  COS(M4) 

•“r  (  ^  ~  )  sm(k\di)  sin(/:2^2)  cos(A:3ti3)  cos(^4^/4) 

^  \^2  Z\J 

1/^2  -^3  \  . 

_  I  ^  _  I  sin(k2d2)  siniksd^)  cos(kid\)  cos(k4d4) 

2  V^3  Z2/ 

1  /  Z3  Z4  \  . 

sin(A:3fi?3)  sin (M4)  cos (^i^Ji)  005(^2) 

2  \Z4  Z3/ 

1/^1  Z3\  , 

1^4.  —  1  sin{k\di)  siniksds)  cos{k2d2)  cos(k4d4) 

2  \Z3  Zl/ 

1/^2  Z4  \  . 

“-X  I  —  +  ~  )  ^iR(k2d2)  Sin(k4d4)  cos(kidi)  cosik^ds) 

2  \Z4  Z2/ 

■^9  sin(A:i Ji)  sin(/:2ti2) 

2  \Z2Z4  Z1Z3/ 

X  sin(/:3^3)  sin(M4).  (A2) 

(3)  Each  cell  contains  six  sublayers: 

A  +  D  =  cos(/:i^i)  cos(/:2^/2)  cosik^dj)  cos(k4d4)  cosiksds) 

X  cosiked^)  —  -  [  —  +  — ^  sin(/:icfi)  sm(k2d2) 

2  \Z2  Z\/ 

X  008(^3^3)  cos{k4d4)  cos{ksds)  cos{k^d^) 

\  f Z2  Z3\ 

(  —  -I-  —  I  sin(fc2^2)  sin(^3d3)  cos(/:idi)  cos(^4^/4) 

2  \Z3  Z2/ 


X  cosC^sd,)  cos(M6)  -  1  (—  +  — )  si 

2  Vz4  Z3/ 


sin{kidi) 


X  sin(^4^^4)  cos(kidi)  cos(k2d2)  cosiksds)  cosik^d^) 

1/^1  ^3\  . 

I  “  —  I  sin(^it/i)sin(^3J3)cos(^2t/2)cos(A:4^/4) 

2  \Z3  Zl  / 

X  008(^5^5)  cosiketk)  -  ^  I  —  +  —  )  sm(k2d2) 

2  VZ4  Z2J 

X  sin(^4^J4)  cos(kidi)  cosik^d^)  cosiksds)  cosik^de) 
1/21  Z4\  , 

(  —  +  —  )  sin(^i^/i)sin(^4{i4)cos(A:2^^2)cos(/:3J3) 

Z  \Z4  Zl/ 

X  cos{ksds)cos(k(,d6)  -  ^  (  —  +  —  |  sm{kidi) 

2\Z5  Zl/ 

X  siniksds)  cos(k2d2)  cosiksds)  cos(^4^/4)  cosiked^) 

~2  ^  sinikede)  cosik2d2)  cosiksds) 
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X  C0S(A:4^4)  C0S(/:5C?5) 


1  /  Z2  Z5  \  . 

2  Us  zaj'* 


S,m{k2d2) 


X  siniksds)  cos(kid\)  cosik^d^)  cos(^4<^4)  cos(fe5<4) 


1  /  Z2  Z6\  . 

2U6"’z2j“ 


X  C0S(^4£?4)  COS(ksds) 


sin(^2<^2)  sin(i6t4)  cos{k]dt )  cosikidi) 


2  \Z5  Z3/ 


sinik^d^) 


X  siniksds)  cos(kid\)  cos(^2^2)  cos(/:4 J4)  cos(k^d(^) 


1  /23  Z6\  . 

- (  —  +  I  SI 

2  V^6  Z3/ 


X  COS(^4^/4)  COSfe^s) 


sin  (^3^/3)  sin(/:6^6)  cos{kidi)  cos(k2d2) 


1  fZ4  Z5\  . 

2  V25  ^  Z4  j  '' 


sin(/:4t/4) 


X  siniksds)  cos(kidi)  cos(Jc2d2)  cosik^ds)  cosik^d^) 


2  Vz6  Z4/ 


X  COS(fe3<^3)  cosiksds)  + 


sm(k4d4)  sm(k6d6)  cos{kidi)  cos(k2d2) 


1  /  Zs  zs^  . 

2U6'^Z5j®‘ 


s\n(k5ds) 


X  sinikfid^)  cos(kidi)  cos{k2d2) cosik-idj)  cos{k4d4) 

+i(^  +  sin(A:,<ii)  sm(k2d2)  sinik^di) 

2  \Z2Z4  Z1Z3/ 

X  sin(^4^^4)  cos(ksds)  cos(A:6^/6)  +  r  (  ) 

2  \Z2Z^  Z\Z3  / 

X  sin(iiiii)  sin(ft2^^2)  sinC^scfs)  sinikede)  cos(^4<f4) 

X  cos(ksds)  +  ^  f sin(fcl^/l)  sm{k2d2) 

2  VziZ4  Z2Z5/ 

X  sin(ifc4d4)  sin(fc5«f5)  cosik^d'})  cosiksd^) 

\  sin(/ri4/i)  sin(^3£/3)  5111(^4^4) 


|.i  AsZs  ^  ZlZ4\ 

2  VZlZ4  Z3Z5/' 


X  sinC^s^s)  005(^2^2)  cos(<:6<^5)  + 


1  ( £?£l  + 

2  VziZ4  Z2Z6/ 


X  sin(/:iifi)  sin(A:2i/2)  sin(i:4d4)  sinik^de)  cosiksd^) 
X  cosiksds)  +  l-(  sin(^i</i)  5111(^3^3) 

2  VziZ4  Z3Z6/ 

X  sin(/:4d4)  smik^ck)  cos(^2^^2)  cosiksds) 

+1  { sin(A:i</i)  sin(^2«f2)  sinfe^fs) 

2  VZIZS  Z2Z6/ 

X  siaiksdf,)  cosiksds)  cosik4d4)  +  i  j  £2£l  +  £i££  j 

2  VziZs  Z3Z6/ 

X  sin(jtit/i) sin(t3d3) sin(A:5^/5)  sin(fc6^^6) cosiksds) 

X  cosik4d4)  +  —  sin(fci<ii)  sin(A:4</4) 

2  \ZiZ5  Z4Z6/ 

X  sm(i5ti5)  sin(i:6</6)  cosiksds)  cosiksds) 


1  / z^  ^  z^\  sinC^s^fs)  sin(^4</4) 

2  VZ2Z4  Z3Z5/ 

1  /  Z3^6  ^  Z2Z4 

2  y22'Z4  •23'26 


X  sin(A:5<i5)  cos(A;i<ii)  cos(A:6^^6)  + 


) 

X  sin(^2^2)  sin(A:3ii3)  sin(k4d4)  sin(k^d(,)  cos(^iiii) 

X  cosiksds)  +  l:(—  +  —"1  sinikids)  siniksds) 

2  V^2^5  23^6/ 

X  siniksds)  sin(/:6<^6)  cos(fcit/i)  cos(/:4^4) 

4.1  { sin(^2^2)  smik4d4)  siniksds) 

2  \Z2Z5  Z4Z6/ 


X  sin(^6^6)  cosik\d\)  cosiksds)  + 


1  /Z4Z6  ^  Z3^5\ 

2  \Z3Z5  Z4Z6J 


X  sin(/:3J3)  sin(/:4^/4)  siniksds)  sinik^d^)  cosik\di) 

X  cos(^2^2)  -  r  I - + - 1  sin(^i^i) 


2  \Z2Z4Z6  zizszsj 
X  sinik2d2)  siniksds)  sin(^4<i4)  sinC^sds)  sin(A:6^6)- 


(A3) 
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Using  a  high  temperature  solution  infiltration  process,  ferroelectric  poly(vinylidene 
fluoride-trifluoroethylene)  copolymer  is  infiltrated  into  three-dimensional  (3D)  periodic  opal  lattices 
with  the  silica  opal  diameters  of  180,  225,  and  300  nm  to  form  periodic  composite  structures.  By 
etching  out  the  silica  opal,  inverse  copolymer  opals  can  be  fabricated,  which  retains  the  3D  periodic 
structure  of  the  original  silica  opal  lattice.  In  addition  to  the  optical  observation,  x-ray  diffraction 
and  dielectric  study  were  carried  out  to  characterize  the  change  in  the  ferroelectric  behavior  of  the 
composites  and  inverse  opals.  Although  the  copolymer  in  the  composites  and  inverse  opals  remains 
ferroelectric,  the  ferroelectric  transition  in  the  composites  and  inverse  opal  becomes  diffused  and 
moves  to  a  lower  temperature,  which  is  due  to  the  random  stress  introduced  by  the  irregular  voids 
and  interfaces  and  may  be  made  use  of  to  facilitate  the  transformation  of  the  copolymer  into  a 
relaxor.  These  results  suggest  the  feasibility  of  using  ferroelectric  copolymer  to  form  3D  photonic 
crystals.  ©  2000  American  Institute  of  Physics.  [80021-8979(00)04713-7] 


I.  INTRODUCTION 

This  article  reports  the  experimental  results  on  the 
change  of  transitional  behaviors  of  ferroelectric  poly(vi- 
nylidene  fluoride-trifluoroethylene)  [P(VDF-TrFE)]  copoly¬ 
mer  infiltrated  in  three-dimensional  periodic  Si02  opals  and 
in  the  inverse  opal.  The  motivation  for  this  study  is  to  exam¬ 
ine  the  feasibility  of  using  ferroelectric  polymer  to  form 
three-dimensional  (3D)  periodic  structure  for  field  tunable 
photonic  crystals.  One  of  the  interesting  issues  in  the  re¬ 
search  of  photonic  crystals  is  how  to  tune  the  band  structure 
over  a  large  wavelength  range.^’^  This  can  be  achieved  by 
tuning  the  refractive  index  of  the  lattice  with  an  external 
electric  field  or  magnetic  field.  However,  in  most  of  the  di¬ 
electric  materials  the  change  of  refractive  index  with  these 
fields  is  relatively  small,  typically  on  the  order  of  10"^^ 
which  may  not  provide  a  large  enough  change  required  for 
the  tuning  of  the  band  structure  of  the  lattice.  Another  ap¬ 
proach  to  tuning  the  band  structure  is  to  use  the  lattice  strain 
of  the  crystal,  which  can  be  induced  by  external  fields,"^’^ 
Recently,  we  reported  the  finding  that  a  massive  electrostric- 
tive  strain,  ~5%,  can  be  induced  in  high  energy  electron 
irradiated  P(VDF-TrFE)  copolymers.^  As  has  been  shown 
recently  in  theoretical  studies,  such  a  large  lattice  strain  can 
induce  a  large  change  in  the  band  structure  of  photonic 
crystals."^’^ 

A  photonic  crystal  made  of  these  P(VDF-TrFE)  copoly¬ 
mers  may  be  realized  by  infiltrating  these  polymers  into  three 
dimensional  periodic  Si02  opal  to  form  a  composite,  then 
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‘’^Current  address:  Advanced  Materials  and  Processing,  NASA-Langley  Re¬ 
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etching  out  the  Si02  and  filling  the  replica  (inverse  opal 
made  of  polymers)  with  high  dielectric  constant  fluids.  As  a 
first  step  in  this  direction,  in  this  article  we  investigate  the 
method  to  infiltrate  the  copolymer  into  3D  silica  opals  and 
how  the  ferroelectric  transitional  behaviors  in  this  class  of 
polymers  are  influenced  by  the  Si02  opal  matrix  and  inter¬ 
faces. 

When  infiltrated  into  Si02  matrix,  P(VDF-TrFE)  copoly¬ 
mers  will  experience  mechanical  constraints  and  finite  di¬ 
mensions  due  to  the  opal  structures.  For  a  ferroelectric  poly¬ 
mer,  it  is  well  known  that  the  ferroelectric  properties  are 
sensitive  to  the  external  stress,  interface  conditions,  and  fi¬ 
nite  size  effect.  Therefore,  the  infiltrated  P(VDF-TrFE) 
copolymer-Si02  opal  composites  also  provide  an  interesting 
system  for  the  study  of  these  effects  on  the  ferroelectric  be¬ 
havior  of  the  polymers. 

In  this  article,  the  fabrication  process  for  the  P(VDF- 
TrFE)  infiltrated  silica  opal  composite  and  for  the  three- 
dimensional  ordered  pure  copolymer  replica  (inverse  opal)  is 
reported  first.  Then  the  results  from  x-ray  and  dielectric  mea¬ 
surement,  which  are  used  to  characterize  the  changes  in  the 
structures  and  transitional  behaviors  in  the  copolymer,  are 
presented. 

II.  EXPERIMENT 

The  details  on  the  fabrication  process  and  properties  of 
the  silica  opal  used  in  this  investigation  have  been  reported 
in  Ref  8.  Three  different  silica  opals  with  the  diameter  of  the 
silica  sphere  of  180,  225,  and  300  nm  were  used  in  this 
study.  Based  on  the  results  of  the  electrostrictive  behavior  of 
P(VDF-TrFE)  copolymers,  the  copolymer  with  55  mol  %  of 
VDF  was  chosen  to  be  infiltrated  into  silica  opal  which  has  a 
fee  lattice  structure.^’^  The  copolymer  pellets  were  purchased 
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FIG.  1.  SEM  micrograph  from  fractured  surface  of  (a)  pure  opal  of  300  nm 
in  diameter  and  (b)  copolymer-opal  composite  where  the  diameter  of  the 
opal  is  225  nm. 

from  Ktech  Corp.  NM.  For  such  a  fee  lattice,  there  are  two 
different  voids  existing  between  silica  spheres:  one  has  an 
opening  of  about  0.4D  and  the  other  has  a  smaller  opening  of 
about  0.2D,  where  D  is  the  diameter  of  the  silica  sphere.^  In 
order  to  infiltrate  the  copolymer  into  these  narrow  spaces,  a 
high  temperature  solution  infiltration  process  was  developed. 

The  solvent  used  was  cyclohexanone  which  has  a  high 
solubility  for  P(VDF-TrFE)  copolymers.  In  order  to  mini¬ 
mize  the  influence  of  the  solvent,  a  high  concentration  solu¬ 
tion  (50  wt.%  of  copolymer)  was  made  and  it  was  found  that 
at  this  concentration  the  copolymer  can  be  dissolved  com¬ 
pletely  when  solution  temperatures  are  higher  than  100  °C. 
The  infiltration  was  carried  out  at  a  temperature  between  155 
and  1 60  °C,  which  is  slightly  above  the  boiling  point  of  the 
solvent  1 55  °C)  and  also  higher  than  the  melting  point  of 
the  copolymer  (based  on  the  differential  scanning  calorim¬ 
etry  (DSC)  measurement  with  a  scanning  rate  of  10°C/min, 
the  melting  point  for  the  copolymer  studied  here  is 
—  147  At  these  temperatures,  the  solution  exhibits  very 
low  viscosity  required  for  the  infiltration.  In  the  infiltration 
process,  the  opal  and  solution  were  kept  in  a  closed  glass 
system  that  has  a  water  cooled  condenser  at  the  top  to  re¬ 
cycle  the  solvent.  The  filling  of  the  opal  by  the  solution  can 
be  monitored  by  observing  the  change  in  the  transparency  of 
the  opal  when  cooled  down  to  room  temperature.  A  complete 
infiltration  should  result  in  a  highly  transparent  opal-solution 
system  at  room  temperature.  It  was  found  that  after  16  h  of 
infiltration,  the  opal-solution  system  became  completely 
transparent.  After  that,  the  glass  system  was  opened  while 
still  being  kept  at  high  temperature  for  another  4  h  to  let  the 
solvent  evaporate  and  copolymer  fill  into  the  opal  (filling  in 
the  space  occupied  by  the  solvent).  The  copolymer-opal 


composite  was  further  evacuated  to  vacuum  at  an  elevated 
temperature  (near  the  melting  point  of  the  copolymer)  to 
ensure  a  nearly  complete  filling  of  the  copolymer  into  the 
opal.  As  shown  by  the  scanning  electron  microscopy  (SEM) 
micrograph  taken  from  the  fractured  surface  in  the  middle 
section  of  infiltrated  opal  samples  thus  prepared  (opal- 
polymer  composites)  (Fig.  1),  the  copolymer  indeed  fills  the 
voids  of  the  opal  lattice.  The  density  measurement  of  the 
composites  indicates  that  more  than  90%  of  the  voids  are 
filled  by  the  copolymer.  For  the  comparison,  a  pure  55/45 
copolymer  bulk  sample  was  also  prepared  using  the  same 
solvent  and  sample  preparation  procedure. 

A  freestanding  three-dimensional  periodic  polymer 
structure  (copolymer  inverse  opal)  can  be  obtained  by  etch¬ 
ing  out  the  silica  in  the  composites  using  24%  aqueous  hy¬ 
drofluoric  acid  (HF)  for  20  h  (near  by  100%  of  silica  was 
removed).  Under  a  white  light,  the  copolymer  inverse  opal 
shows  the  similar  color  pattern  as  the  original  opal  when 
immersed  in  water  (Fig.  2).  The  color  display  is  due  to  the 
Bragg  diffraction  from  the  periodic  lattice.*^  The  results  in¬ 
dicate  that  the  copolymer  inverse  opal  retains  the  periodicity 
of  the  original  opal.  The  color  observed  in  Fig.  2  depends  on 
the  crystal  domain  orientation  with  respect  to  the  light  source 
and  observer.  For  the  copolymer  inverse  opal,  it  was  ob- 


FIG.  2.  (Color)  Display  of  several  inverse  opals  under  white  incident  light  at 
different  observation  angles.  There  is  a  large  color  change  between  the 
pictures  in  (a)  and  (b),  which  is  due  to  the  Bragg  diffraction  from  the 
periodic  lattice. 
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FIG.  3.  Dielectric  constant  as  a  function  of  temperature  of  (a)  and  (b)  for 
pure  copolymer  and  (c)  and  (d)  for  copolymer-opal  composite  where  the 
diameter  of  the  opal  is  300  nm.  The  data  were  taken  from  cooling  [(a)  and 
(c)]  and  heating  [(b)  and  (d)]  scans.  The  curves  from  top  to  bottom  in  each 
figure  correspond  to  the  dielectric  constant  measured  at  different  frequen¬ 
cies:  1  kHz  (squares),  2  kHz  (dots),  4  kHz  (triangles),  and  10  kHz  (inverse 
triangles). 

served  that  the  color  displayed  changes  as  the  observation 
angle  was  varied  [Figs.  2(a)  and  2(b)],  indicating  that  it  is 
from  3D  periodic  structure. 

The  x-ray  diffraction  of  the  opal-copolymer  composites 
and  copolymer  inverse  opal  was  taken  to  characterize  any 
changes  in  the  copolymer  structure.  The  measurement  was 
carried  out  at  room  temperature  by  a  Scintag  diffractometer 
(model  PAD-V)  with  Ni  filtered  Ox  K a  radiation.  For  the 
same  composite,  the  x-ray  measurement  was  repeated  several 
times  on  different  samples  to  ensure  the  reproducibility  of 
the  data.  For  the  dielectric  constant  measurement  of  opal- 
copolymer  composites,  gold  electrodes  were  sputtered  on 
both  surfaces  of  the  samples  and  the  dielectric  constant  was 
measured  using  a  dielectric  analyzer  (TA  Instrument,  model 
No.  2970)  in  the  temperature  range  from  -60  to  1 10  °C  with 
a  scanning  rate  of  2  °C/min.  In  order  to  observe  any  hyster¬ 
esis  associated  with  the  ferroelectric-paraelectric  (PE-FE) 
transition,  both  heating  and  cooling  scans  were  performed  in 
the  dielectric  measurement. 

III.  DIELECTRIC  PROPERTIES  AND  X-RAY 
DIFFRACTION  DATA 

The  temperature  dependence  of  the  dielectric  properties 
of  the  pure  55/45  copolymer  and  the  three  copolymer-opal 
composites  fabricated  are  presented  in  Figs,  3  and  4.  The 
data  reveal  that  there  is  a  large  drop  in  the  dielectric  constant 
in  the  composites  compared  with  the  pure  copolymer.  This  is 


FIG.  4.  Dielectric  constant  (10  kHz)  as  a  function  temperature  of  compos¬ 
ites  and  pure  copolymer  to  show  the  temperature  shift  in  the  PE-FE  transi¬ 
tion.  The  solid  line  is  for  the  pure  copolymer,  dot,  dash,  and  dash  dot  are  the 
data  from  the  composites  with  the  opal  diameter  of  180,  225,  and  300  nm, 
respectively. 

due  to  the  small  dielectric  constant  of  the  silica,  which  is  3.9; 
in  the  silica  opal-copolymer  composite,  silica  occupies  about 
74%  volume  of  the  total  composite.^ 

For  a  composite  structure  such  as  the  one  studied  here, 
there  is  no  simple  relationship  between  the  dielectric  con¬ 
stant  of  the  composite  and  properties  of  the  constituents. 
Here  we  compare  the  dielectric  constants  measured  at  10 
kHz,  which  do  not  have  a  significant  contribution  from  the 
space  charge  effect,  with  those  predicted  from  several  simple 
models  or  empirical  relation  (Table  I).  In  Table  I,  the  calcu¬ 
lated  dielectric  constants  are  obtained  from  the  series  model, 
parallel  model,  and  the  logarithmic  mixing  law.'^’^^  In  the 
series  model,  the  silica  opal  and  copolymer  are  assumed  to 
be  electrically  in  series,  which  should  underestimate  the  di¬ 
electric  constant  of  the  composite.  On  the  other  hand,  in  the 
parallel  model,  the  two  constituents  are  assumed  to  be  elec¬ 
trically  parallel,  which  overestimates  the  dielectric  constant 
of  the  composite.  In  addition,  it  has  been  observed  that  in 
many  ceramic  powder-polymer  composites  where  the  high 
dielectric  constant  ceramic  forms  isolated  inclusions  in  a 
three-dimensionally  connected  low  dielectric  constant  ma¬ 
trix,  the  logarithmic  mixing  law  can  describe  quite  well  the 
dependence  of  the  dielectric  constant  K  of  the  composite  on 
the  properties  of  the  constituents^^ 


TABLE  I.  Measured  dielectric  constants  at  10  kHz  for  the  pure  copolymer 
and  the  composites  with  different  opal  sizes.  The  data  were  taken  at  20  ®C 
during  heating  and  cooling,  respectively. 


Materials 

Heating 

Cooling 

Pure  copolymer 

23.0 

25,3 

300  nm  opal 

7.06 

7.24 

225  nm  opal 

7.03 

7.24 

180  nm  opal 

7.30 

7.50 

Parallel  model 

8.93 

9.53 

Series  model 

5.09 

5.12 

Logarithmic  mixing 

6.29 

6.46 

Law  [Eq.  (1)] 
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\ogK=Vi  logi^i  +  (l“i;j)logA:2,  (1) 

where  and  Ki  are  the  dielectric  constants  and  Vi  and  V2 
are  the  volume  fractions  of  the  two  constituents,  respec¬ 
tively.  For  the  composite  system  studied  here,  both  the  high 
dielectric  constant  polymer  and  low  dielectric  constant  opal 
form  3D  linked  phases  which  are  different  from  the  power- 
matrix  composite  and  hence,  Eq.  (1)  may  also  underestimate 
the  dielectric  constant  of  the  composite  here.  Indeed,  as  can 
be  seen  from  the  table,  both  the  series  model  and  logarithmic 
mixing  law  underestimate  the  dielectric  constant  of  the  com¬ 
posites,  while  the  parallel  model  overestimates  the  dielectric 
constant  value.  These  results  verify  that  the  copolymer  has 
nearly  completely  infiltrated  the  silica  opal  to  form  a  three- 
dimensionally  connected  structure. 

What  is  more  interesting  in  the  data  in  Fig.  4  is  that  there 
is  a  large  shift  in  the  dielectric  constant  peak  associated  with 
PE-FE  transition,  which  is  about  75  °C  (averaged  PE-FE 
temperature  from  the  heating  and  cooling  cycles).  The 
PE-FE  transition  temperature  drops  about  10°C  in  the  com¬ 
posites  compared  with  pure  copolymer.  In  addition,  the  di¬ 
electric  constant  peak  becomes  much  broader  in  the  compos¬ 
ites.  Besides  these,  the  frequency  dispersion  of  the  dielectric 
constant  in  the  composites  is  also  much  different  from  that  in 
the  pure  copolymer.  At  high  temperature,  the  strong  disper¬ 
sion  in  both  composite  and  pure  copolymer  is  related  to  the 
conducting  behavior  of  the  material  possibly  due  to  the  re¬ 
sidual  solvent  trapped  in  the  material.  That  is  why  the  dielec¬ 
tric  constant,  especially  at  low  frequency,  may  increase  with 
temperature  at  a  higher  temperature.  The  lower  the  tempera¬ 
ture  is,  the  smaller  is  the  contribution  of  the  conducting  be¬ 
havior  to  the  dielectric  constant.  In  addition,  in  the  ferroelec¬ 
tric  phase,  the  electric  carriers  may  be  trapped  at  the  domain 
wall  or  the  surface  of  the  crystalline  area  due  to  the  strong 
spontaneous  polarization.  Therefore,  the  contribution  of  the 
conductivity  to  the  dielectric  dispersion  is  very  small  at  the 
temperatures  lower  than  FE-PE  transition.  The  small  disper¬ 
sion  observed  in  the  pure  copolymer  at  low  temperature 
originates  from  the  a-relaxation  process.  However,  at  low 
temperature,  a  much  strong  dispersion  was  observed  in  the 
composites.  The  dispersion  observed  here  in  the  composites 
is  presumably  due  to  the  space  charge  phenomenon  because 
of  the  large  difference  in  the  dielectric  constant  and  loss 
between  the  silica  and  copolymer  which  exists  at  all  the 
temperatures.^^  That  is  why  the  dispersion  in  composites  be¬ 
fore  and  after  phase  transition  is  very  similar. 

Several  effects  in  the  composite  can  cause  such  a  drop  in 
PE-FE  transition  temperature  in  the  copolymer.  For  the  co¬ 
polymers  in  the  opal  matrix,  due  to  the  difference  of  the 
thermal  expansion  coefficients  between  the  two  materials 
(copolymer  has  a  higher  thermal  expansion  coefficient), 
there  exists  a  tensile  stress  in  the  copolymer  when  cooled 
down  from  the  fabrication  temperature  to  room  temperature. 
This  tensile  force  would  favor  the  high  temperature  phase 
(favor  the  phase  with  a  large  unit  cell  volume  and  for  the 
copolymer  here,  the  paraelectric  phase  has  larger  unit  cell 
volume  than  that  of  the  ferroelectric  phase). As  a  result, 
this  will  shift  the  PE-FE  temperature  to  a  lower  temp¬ 
erature.*^  On  the  other  hand,  when  trapped  in  the  silica  opal 


26  (Degree) 


FIG.  5.  X-ray  diffraction  of  (200,  1 1 0)  reflections  of  (a)  pure  copolymer,  (b) 
copolymer-opal  composite  with  the  opal  diameter  of  300  nm,  (c)  composite 
with  the  opal  diameter  of  180  nm,  and  (d)  the  pure  copolymer  inverse  opal 
from  the  composite  with  opal  diameter  of  300  nm.  The  top  panels  are  the 
experimental  data  (dots)  and  fitting  to  the  data  (solid  lines)  where  the  dashed 
lines  are  background  signals.  In  (b)  and  (c),  there  is  a  large  reflection  peak 
due  to  Si02  opal  at  20  angle  just  above  20°  which  causes  the  change  in  the 
background  signals.  The  bottom  panels  are  details  of  the  fitting  of  two-peak 
structure  (the  parameters  are  listed  in  Table  II)  to  the  x-ray  data. 


matrix,  the  growth  of  crystalline  phase  of  the  copolymer  will 
be  subjected  to  the  constraints  of  the  opal  matrix,  which  is 
different  from  the  natural  growth  conditions  when  there  are 
no  constraints.  These  constraints  may  act  as  a  “random” 
field  that  reduces  the  crystalline  ordering  and  coherence  of 
the  polarization.  Consequently,  the  transition  will  also  be 
moved  to  a  lower  temperature  and  the  transition  region  will 
be  broadened.  From  the  broadening  of  the  observed  dielec¬ 
tric  peak,  it  is  clear  that  this  random  defect  effect  exists  in 
the  copolymer  of  the  composites. 

In  order  to  assess  how  large  the  effect  of  the  thermal 
expansion  coefficient  mismatch  between  the  silica  opal  and 
infiltrated  copolymer  is,  an  x-ray  diffraction  experiment  was 
conducted  to  measure  the  possible  lattice  constant  change  of 
the  copolymers  in  composites  compared  with  the  pure  co¬ 
polymer.  The  data  for  (110,  200)  reflections  is  presented  in 
Fig.  5  and  fitting  parameters  to  the  data  are  listed  in  Table  II. 
The  observed  two-peak  structure  of  the  x-ray  data  in  the  pure 
copolymer  shown  in  the  figure  is  consistent  with  the  early 
observation.  The  lower  angle  peak  is  caused  by  the  hexago¬ 
nal  packing  of  3/1 -helical  chains  generated  by  Trans-gauche 
and  Trans-gauche  defects,  which  are  due  to  the  presence  of 
domain  pattern  and  the  higher  angle  peak  is  from  the  regu- 


TABLE  II.  Summaiy  of  the  x-ray  results. 


Lower  angle  peak  Higher  angle  peak 


Materials 

Center 

FWHM 

Center 

FWHM 

Pure  copolymer 

18.938 

0.619 

19.377 

0.633 

300  nm  opal  copolymer 

18.919 

0.650 

19.334 

0.650 

1 80  nm  opal  copolymer 

18.907 

0.749 

19.315 

0.749 

Inverse  copolymer  opal 

19.008 

0.933 

19.421 

0.933 
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larly  packed  trans-planar  chains  (yS  phase). The  data  in 
Fig.  5  reveal  that  there  is  a  slight  lattice  expansion  and  also 
broadening  in  the  peak  width  for  the  copolymer  in  the  com¬ 
posites  compared  with  the  pure  copolymer,  especially  in  the 
composite  with  180  nm  size  silica  opal. 

From  the  data  in  Table  II,  the  lattice  strain  can  be  calcu¬ 
lated  from  the  change  of  the  peak  position  of  the  higher 
angle  peak  between  the  pure  copolymer  and  the  copolymer 
in  the  composite,  which  yields  a  strain  of  2.2 X  10“^  for  300 
nm  and  3.2X  10“^  for  180  nm  size  silica  opal  composites, 
respectively.  Assuming  an  isotropic  tensile  stress  exerted  to 
the  copolymer  and  a  Poisson’s  ratio  of  0.38  for  the  crystal¬ 
line  phase,  the  tensile  stress  will  be  58  and  83  MPa  for  the 
two  composites,  respectively,  if  the  external  tensile  stress  is 
the  only  cause  for  the  observed  change  in  the  lattice  constant. 
In  the  calculation,  the  elastic  modulus  data  were  taken  from 
Ref.  19. 

For  a  ferroelectric  single  crystal,  the  change  of  the 
PE-FE  transition  temperature  with  external  stress  can  be 
evaluated  through  the  electrostrictive  coefficient^^ 

^T^2€^CQ^a,  (2) 

where  A  f  is  the  shift  of  the  PE-FE  transition  temperature,  Cq 
is  permittivity  in  free  space,  C  is  Curie-Weiss  constant,  cr  is 
the  applied  stress,  and  Q  is  electrostrictive  coefficient.  If  as¬ 
suming  an  isotropic  stress,  the  electrostrictive  coefficient  Q 
in  Eq.  (2)  should  be  ,  the  hydrostatic  electrostrictive  co¬ 
efficient,  which  for  the  single  crystal  copolymer  is  about  - 1 
m4/c2  14  usjng  C=3500  obtained  earlier,^®  one  would  get 
Ar=3.6  and  5.1  °C  for  the  300  and  180  nm  silica  opal- 
copolymer  composites.  Therefore,  on  the  order  of  magnitude 
the  results  here  are  consistent  with  the  fact  that  the  stress  due 
to  the  thermal  expansion  mismatch  is  partially  responsible 
for  the  observed  shift  of  the  PE-FE  transition  temperature. 
This  is  also  consistent  with  the  data  in  Fig.  4,  where  in  spite 
of  the  large  drop  in  the  transition  temperature  in  the  compos¬ 
ite  the  thermal  hysteresis  in  the  composites,  which  is  mea¬ 
sured  by  the  difference  in  the  transition  temperatures  be¬ 
tween  the  data  taken  from  the  heating  cycle  and  the  data 
taken  from  the  cooling  cycle,  is  nearly  the  same  as  that  in  the 
pure  copolymer. 

The  existence  of  the  tensile  stress  in  the  copolymers 
when  in  silica  opal  matrix  was  further  confirmed  by  the 
change  of  the  lattice  constant  of  the  inverse  copolymer  opal, 
i.e.,  the  3D  copolymer  structure  without  opal.  As  shown  in 
Table  II,  the  (110,  200)  reflections  in  the  inverse  copolymer 
opal  move  to  a  higher  angle  and  the  peak  becomes  even 
broader.  This  change  in  the  peak  position  in  the  inverse  co¬ 
polymer  opal  reflects  the  contraction  of  the  lattice  in  the 
directions  perpendicular  to  the  polymer  chain.  Hence,  in  the 
inverse  copolymer  opal,  it  might  be  the  surface  tension  due 
to  the  free  surfaces  which  causes  the  observed  lattice  con¬ 
traction.  The  broadening  of  the  peak  width  in  the  copolymer- 
opal  composites  and  inverse  copolymer  opal  are  due  to  the 
random  stress  induced  by  the  opal  matrix  and  finite  size  of 
the  system. 
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IV.  SUMMARY 

In  summary,  a  high  temperature  solution  infiltration  pro¬ 
cess  was  developed  to  infiltrate  P(VDF-TrFE)  copolymer 
into  3D  silica  opal  lattice.  The  experimental  results  show  that 
this  method  is  effective  in  fabricating  a  copolymer-opal  com¬ 
posite  and  inverse  copolymer  opal  where  the  copolymer  can 
nearly  completely  fill  the  voids  in  the  silica  opal  and  the 
inverse  copolymer  opal  retains  the  3D  periodic  structure  of 
the  original  silica  opal  lattice. 

The  dielectric  and  x-ray  data  performed  in  the  compos¬ 
ites  and  inverse  copolymer  opal  reveal  that  the  copolymer 
remains  in  the  ferroelectric  state,  but  with  a  substantial 
amount  of  disordering  in  the  copolymer  lattice.  This  disor¬ 
dering  causes  the  broadening  of  the  dielectric  peak  associ¬ 
ated  with  FE-PE  transition  and  the  lowering  of  the  transition 
temperature.  In  addition,  the  existence  of  the  interfaces 
(either  in  copolymer-silica  opal  composites  or  in  the  inverse 
copolymer  opal)  induces  external  stresses  to  the  copolymer, 
also  resulting  in  the  changes  of  FE-PE  transition  temperature 
and  lattice  constant  of  the  copolymer  crystallites.  These  ef¬ 
fects  may  be  used  to  facilitate  the  conversion  of  the  copoly¬ 
mer  from  a  normal  ferroelectric  into  a  relaxor  ferroelectric 
with  large  electrostrictive  strain,  as  has  been  observed  re¬ 
cently  in  high  energy  electron  irradiated  P(VDF-TrFE)  co¬ 
polymer,  where  the  irradiation  introduces  random  defects  to 
convert  the  copolymer  into  a  relaxor.^ 
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Piezoelectric  transformers  have  bear  commercialised  for  the  backli^t 
inverters  of  laptq)  con^uters  nowadays.  For  fiirdier  higjr  power  applications, 
we  developed  new  PZT  based  piezoelectric  ceramics  with  the  maximum 
vibraticHi  velocity  of  0.9  msec.  R^arding  the  design,  two  new  transformers, 
disk  shaped  and  glass  sandwiched  types,  have  advantages  over  the 
conygnrifmal  Rosen  type  in  terms  of  hi^  voltage  step-tq)  ratio  and  hi^ 
isolatiar  resistance,  respectively.  For  die  application  area,  we  studied  <xi 
piezoelectric  actuator  drive  system,  using  piezoelectric  transformers,  aiming  at 
active  vibratioi  cmtrol  on  a  helicopter. 

Keywords:  PZT  ceramics,  piezoelectric  transformer,  power  supply,  vibration 
control 


1.  INTRODUCTION 

One  of  the  bulkiest  components  in  information  processing  equipment 
(such  as  laptop  computers)  is  the  power  supply,  especially  the 
electromagnetic  transforms  used  in  the  pows  supply.  Losses  such  as 
skin  effect,  thin  wire  loss  and  core  loss  of  foe  electromagnetic 
transformer  insease  rapidly  as  foe  size  of  the  transformer  is  reduced. 
Therefore,  h  is  difficult  to  realize  miniature  low  profile  electromagnetic 
transformers  with  high  efficiency.  To  foe  contrary,  high  efficiency, 
small  size,  no  electromagnetic  noise  are  some  of  foe  attractive  features 
of  piezoelectric  transformers  (PTs),  making  them  more  suitable  for 
miniaturized  power  inverter  components  such  as  lighting  up  foe  cold 
cathode  fluorescent  lamp  behind  a  color  liquid  cryst^  displays  or 
generating  high  voltage  for  air-cleaners  [1]. 


1 


The  original  design  to  transform  an  input  ac  voltage  to  step  up  or  step 
down  using  converse  and  direct  piezoelectric  properties  of  ceramic 
materials  was  propos^  by  Rosen  [2],  The  principle  of  this  type  of 
transformer  is  to  excite  a  piezoelectric  element  ^ig.  1  top)  at  its 
mechanical  resonance  frequency.  Applying  an  electrical  input  to  one 
part  of  the  piezoelectric  element  (left  top  electrode)  generates  a 
mechanical  vibration  and  then  this  mechanic^  vibration  is  re-converted 
into  electrical  voltage  from  the  other  part  (right  edge  electrode)  of  the 
piezoelectric  plate.  The  voltage  step-up  ratio  for  unloaded  condition 
(open  circuited)  is  provided  by 

rocksikssQmCL/t),  (1) 

where  L  and  t  are  the  electrode  gap  distances  for  the  input  and  output 
parts,  respectively.  Note  that  increasing  in  length/thickness  ratio, 
electromechanical  coupling  factors  and/or  mechanical  quality  ftictor  is 
the  key  to  the  step-up  ratio  increase.  This  transforms  was  utilized  on 
trial  in  the  color  TVs  in  1970’ s. 


(a)  Residual  Stress  Release 


(b)  Induced  Stress  Release 

--t— 
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Fig.  1  New  piezoelectric  transformer  designs  improved  from  the 
Rosen  type,  (a)  multilayer  type,  and  (b)  3*^  mode  type. 


However,  the  initial  Rosen  type  had  a  reliability  problem;  that  is,  easy 
mechanical  breakdown  at  the  center  position  due  to  the  coincidence  of 
the  residual  stress  cencentration  (through  the  poling  process)  and  the 
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vibration  nodal  point  (highest  induced  stress).  In  addition  to  improved 
mechanically  tough  ceramic  materials,  by  using  a  multilayer  type 
without  generating  any  poling  direction  mismatch  (Philips  Components, 
NEC  [3]),  or  by  redesigning  the  electrode  configuration  and  exciting  a 
3*^  longitudinal  vibration  mode  of  the  rectangular  plate  (NEC)  [4],  the 
piezo-transformers  shown  in  Fig.  1  have  been  commercialized  as  a 
back-light  inverter  for  the  LCDs. 

In  order  to  improve  the  transformer  performance,  various  proposals 
have  been  made:  improvement  in  piezoc^amics  with  higher  mechanical 
toughness  and  low  loss/high  Qm;  selection  of  a  vibration  mode  and  an 
dectrode  configuration  to  separate  the  nodal  point  fi’om  the  maximum 
residual  stress  point;  selection  of  a  vibration  mode  with  higher 
electromechanical  coupling.  This  paper  reviews,  first,  the  recent 
development  of  high  power  piezoelectrics,  then  describes  the  present 
design  problems  and  some  posrible  solutions.  We  introduce  our  two 
new  designs,  a  disk  type  and  a  stack  type.  Finally,  we  propose  a  new 
piezoelectric  actuator  system  driven  by  piezoelectric  transformers. 

2.  HIGH  POWER  PIEZOELECTRICS 

One  of  the  serious  problems  in  the  present  transformers  is  their  heat 
generation.  The  conventional  piezo-ceramics  have  the  limitation  in  the 
maximum  vibration  velocity  (Vnax),  more  than  which  all  the  additionally 
input  electrical  energy  converts  into  heat,  rather  than  into  mechanical 
energy.  The  typical  rms  value  of  Vmax  for  the  commercialized  matoials, 
defined  by  the  temperature  rise  of  20  "C  firom  the  room  temperature,  is 
around  0.3  m/sec  for  the  rectangular  fei  samples  [5].  Pb^4n,Sb)03 
(PMS)  -  lead  zirconate  tatanate  (PZT)  ceramics  with  the  Vmm  of  0.62 
m/sec  have  been  reported  [6].  By  doping  rare-earth  ions  such  as  Yb, 
Eu  and  Ce  additionally  iirto  the  PMS-PZT,  we  recently  developed  the 
high  power  piezoelectrics,  which  can  exhibit  the  Vnax  up  to  0.9  m/sec. 
Compared  with  commercially  av^able  piezoelectrics,  one  order  of 
magnitude  higher  input  electrical  energy  and  out  mechanical  energy  can 
be  expected  for  tins  new  material  without  gmerating  significant 
temperature  rise. 

3.  NEW  TRANSFORMER  DESIGNS 

One  of  the  drawbacks  of  piezo-transformers  is  a  significant  reduction  of 
the  step-up  ratio  (Eq.  (1))  under  an  electrical  load.  This  is  mainly  due 
to  the  impedance  mismatch  between  the  load  and  the  output  impedance 
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of  the  transformer  (i.e.,  capacitance  Cout)-  For  instance,  a  capacitive 
load  Cl  (=  Cout)  divides  the  step-up  ratio  r  by  two.  Thus,  several 
designs  have  been  proposed  in  order  to  increase  the  step-up  ratio. 

3.1  Multilayer  Transformer 

NEC  developed  a  multilayer  type  transforms  as  shown  in  Fig.  2,  where 
a  highs  voltage  step  up  ratio  was  realized  in  proportion  to  the  number 
of  layers  in  the  input  part  [4], 


Fig.  2  Multilayer  type  piezoelectric  transformer  (NEC). 


Fig.  3  Disk  shape  piezoeleSric  transformer  with  curved  electrodes. 


Fig.  4  Characteristics  in  the  disk  shape  piezoelectric  transforms. 
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3.2  Disk  Shape  Transformer 

Disk  type  transformers  in  Fig.  3  have  advantages  over  the  Rosen  type; 
usage  of  kp  and  kis  (due  to  the  curved  electrodeT^shfiguration)  instead 
of  ksi  enhances  the  step-up  ratio,  and  usage  of  curved  electrodes 
reduces  the  stress  concentration  [7]. 

Figure  4  shows  transformer  characteristics  for  the  disk  type  with  1”  in 
diameter  and  1.5  mm  in  total  thickness.  Note  that  a  very  high  voltage 
step-up  ratio  300  (10  times  higher  than  the  Rosen  type)  under 
unloaded  condition  can  be  obtained  by  sustaining  an  efficiency  more 
than  90%.  The  maximum  power  (20"C  temperature  rise)  is  9  W.  We 
demonstrated  lighting  up  the  2W  CCFL  directly  by  500V  without  using 
an  additional  booster  coil. 

33  Stack  Type  Transformer 

Face  International  developed  a  simple  stacked  piezo-transformer  as 
shown  in  Fig.  5,  which  enhanced  the  power  capability  by  several  times 
of  the  Rosen-type  transformers  [8].  During  the  bonding  process,  the 
different  thermal  conductivity  of  the  involved  materials  introduces  a 
remained  pre-stress  in  the  transformer,  which  is  the  key  to  enhancement 
of  its  power  capabilities.  Power  rates  higher  than  SOW  with  efficiencies 
around  95%  have  already  bera  demonstrated. 

INPUT 


Fig.  S  Stack  type  power  transformer  (Face  International). 
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Fig.  6  Constmction  of  a  new  multistack  type  transformer  for  a  step- 
down  transformer. 
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A  stacked  piezo-transformer  with  a  glass  plate  shown  in  Fig.  6  is 
operated  in  the  thickness  extensional  mode.  The  merits  include 
complete  electric  isolation  (i.e.,  floating)  owing  to  the  sandwiched  glass 
between  the  input  and  output  piezo-plates,  and  high  energy  density 
owing  to  a  high  opiating  fi’equency.  Using  the  2“^  thickness  vibration 
mode  at  1.69  MHz,  we  developed  a  step-down  transformer  for  the  AC 
adapter. 

4.  APPLICATIONS 

Piezoelectric  transformers  are  classified  into  basically  two  groups; 
resonance  and  oflf-resonance  types.  The  off-resonance  type  is  for  step- 
down  transformers  for  precisely  measuring  a  high  voltage  such  as  30 
kV  or  a  high  current  on  the  electric  power  transmission  lines  [9].  The 
resonance  type  is  fiuther  divided  into  two  groups:  step-up  types 
typically  used  as  high-voltage  inverters  for  the  LCD  back-light,  and 
step-down  types  used  as  AC  adapters  (i.e.,  DC-DC  converters)  [10]. 

We  propose  here  a  new  application,  that  is,  driving  piezoelectric 
actuators.  The  basic  concept  is  illustrated  in  Fig.  7.  When  we  tune  the 
transformer  operating  fi^equenqr  exactly  to  the  same  fi'equency  of  an 
ultrasonic  motor’s  resonance  (for  example,  making  a  ring  transformer, 
using  the  same  size  piezo-ring  as  the  ultrasonic  motor),  we  may  use  it 
as  a  drive  system,  or  fabricate  a  transformer-integrated  motor.  When 
we  couple  a  rectifier  with  the  transformer,  we  can  drive  a  multilayer  or 
bimorph  piezoelectric  actuator. 

Ultrasonic 


Fig.  7  Basic  concept  of  piezo-actuator  drive  systems  (AC  or  pseudo 
DC)  using  a  piezoelectric  transformer. 

In  the  following,  we  introduce  a  compact  drive  system  wth 
piezoelectric  transformers  for  a  multilayer  piezoelectric  actuator, 
aiming  at  active  vibration  control  on  a  helicopter.  In  this  sort  of 
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military  application,  we  need  to  realize  a  compact,  light-weight  and 
elecfromagnetic-noise  free  system  with  keeping  quick  response 
(minimum  200Hz).  For  this  sake,  we  have  chosen  a  multilayer 
piezoelectric  device  as  an  actuator,  and  piezo-transformers  (rather  than 
electromagnetic  transformers)  as  drive  system  components.  Figure  8 
summarizes  our  compact  drive  system  for  piezoelectric  actuator 
control,  using  piezoelectric  transformers. 

We  have  targeted  to  develop  two  kinds  of  power  supplies  with  piezo¬ 
transformers  driven  by  a  helicopter  battery  24Vdc;  one  is  a  high  voltage 
DC  power  supply  (1 00-1 000 V,  90W)  for  driving  the  piezoelectric 
actuator,  and  the  other  is  an  AC  adapter  (llSVnc,  0.1-0.5W)  for 
driving  the  supporting  circuitry.  We  utilized  large  and  small  multi- 
stacked  piezo-transformer  dements  both  with  an  insulative  glass  layer 
between  the  input  and  output  parts  for  ensuring  the  complete  floating 
condition,  for  the  high  power  supply  and  the  adapter,  respectively.  The 
used  actuator  was  supplied  from  Toldn  Corp.,  which  has  the  size  of 
10xlOx20nMn^  and  is  capable  to  generate  a  Itipm  displacement  under 
the  ma»mum  voltage  of  lOOV. 


A 


Fig.  8  Compact  drive  system  for  piezoelectric  actuator  control. 

We  initially  tried  to  drive  the  actuator  by  applying  the  rectified  high 
voltage  directly  after  the  power  transformer  (i.e.,  voltage  at  the  point  A 
in  Fig.  8).  However,  because  of  a  very  slow  response  during  a  rising  or 
falling  voltage  process(~l  sec),  we  decided  to  use  this  rectified  voltage 
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as  a  constant  high  DC  voltage,  and  additionally  use  a  power  amplifier 
to  control  the  voltage  applied  to  the  actuator.  Among  various  power 
amplifier  families  [11],  we  have  chosen  a  Class-D  switching  amplifier 
(see  the  inverter  in  Fig.  8),  because  it  has  some  advantages  over  the 
other  switching  and  linear  amplifies,  such  as  permitting  amplitude  and 
firequency  control  and  realizing  fast  actuation  response  of  the  actuator 
by  chopping  a  DC  voltage.  The  voltage  level  generated  in  the 
transformer  was  300V  for  the  iiq)ut  voltage  of  75V  applied  through  a 
timer  555  (Fig.  8). 

The  signal  fi’om  a  PWM  (pulse  width  modulation)  driving  circuit  (Fig. 
9)  was  applied  to  two  power  MOSFET’s  of  the  half  bridge.  Thus,  the 
constant  300Vdc  vokage  fi'om  the  piezo-transformer  was  chopped,  and 
control  of  fi'equency  and  magnitude  was  achieved.  This  output  voltage 
was  applied  to  the  piezo-actuator  through  a  filtering  inductance  of 
lOOmH  [12].  The  PWM  carrier  fi’equency  was  chosen  as  40kHz, 
which  is  below  the  mechanical  resonance  frequency  of  the  used  piezo¬ 
actuator  (~60kHz).  Figure  10  shows  the  displacement  curves  of  the 
actuator  driven  by  the  newly  developed  power  amplifier.  The 
displacement  was  directly  measured  with  an  ^dy  current  sensor.  As 
seen  in  this  figure,  the  displacement  ±1.5pm  was  controlled  by  ±20V 
applied  voltage.  This  drive  system  could  be  used  at  least  up  to  500Hz, 
which  is  sufficient  for  the  active  vibration  control  on  a  helicopter. 


Fig.  9  Pulse  width  modulation  circuit  for  driving  the  power  amplifier. 
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Fig.  10  Displacement  curves  of  the  piezoelectric  actuator  driven  by  the 
newly  developed  power  amplifier. 

5.  SUMMARY  AND  FUTURE 

1.  Piezoelectric  transformers  have  the  advantages  over  electromagnetic 
types  in  miniaturization,  no  electromagnetic  noise  generation,  and 
high  efficiency. 

2.  New  high-power  piezoceramics  have  been  developed  based  on  PZT- 
Pb(Mni/3SbM)03  doped  with  Yb,  Eu,  Ce.  The  maximum  vibration 
velocity  0.9  m/s  is  triple  higher  than  the  commercialized  materials. 

3.  Using  and  kis,  circular  piezo-transformers  have  be«i  designed, 
with  ch^acteristics;  voltage  step-up  ratio  -  10  times  of  the  Rosen 
type;  stress  distribution  -  more  uniform  than  the  ROsen  type.  Using 
k33,  we  also  developed  thickness,  float  mode  piezo-transformer  with 
voltage  step-down  characteristics  which  is  suitable  to  the  driving 
circuit  power  supply. 

4.  Uang  piezoelectric  transformers,  a  drive  system  of  a  piezo-actuator 
has  been  developed,  aiming  at  active  vibration  control  on  a 
helicopter.  We  manufactured  a  variable  high  voltage,  DC  -  slow  AC 
power  supply  for  driving  a  piezoelectric  multilayer  actuator,  and  a 
constant  low  voltage  DC  power  supply  for  the  circuit  drive. 

As  fiiture  work,  we  still  need  more  reliable  high  power  piezoelectrics 
with  Vmax  up  to  Im/sec  and  high  fi'acture  toughness,  better  transformer 
designs  wiffi  higher  efficiency  and  step-up  voltage/current  ratio,  better 
designs  for  the  drive  circuits,  aiming  at  expanding  application  areas. 
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Abstract 

For  most  PZT  based  piezoelectric  materials  the  shear  mode  coupling  constant  is  twice  as 
large  as  the  transverse  mode  coupling.  From  this  motivation,  a  new  circular 
piezoelectric  transformer  was  designed.  Non-concentric  input  electrodes  and  non- 
uniform  output  poling  lead  to  the  usage  of  shear  mode  piezoelectric  effect  at  (3,0)  radial 
mode  resonance  frequency.  A  prototype  three  layered  transformer  with  25.4-mm  in 
diameter  and  1.5  mm  in  thickness,  operating  at  153  kHz,  was  fabricated  and  its 
characteristics  were  measured.  Characteristics,  such  as  efficiency,  step-up  ratio  and 
temperature  rise  of  the  proposed  transformer  are  presented. 

1.  Introduction 

One  of  the  bulkiest  components  in  information  processing  equipment  (such  as  note¬ 
book-type  personal  computers)  is  the  power  supply,  specifically  the  electromagnetic 
transformer  used  in  power  supply.  Losses  such  as  skin  effect,  thin  wire  loss  and  core 
loss  of  the  electromagnetic  transformer  increase  rapidly  as  the  size  of  the  transformer  is 
reduced.  Therefore,  it  is  difficult  to  realize  miniature  low  profile  electromagnetic 
transformers  with  high  efficiency. 

High  efficiency,  small  size,  no  electromagnetic  noise  are  some  of  the  attractive  features 
of  piezoelectric  transformers  making  them  more  suitable  for  miniaturized  power  inverter 
elements  such  as  lighting  up  the  cold  cathode  fluorescent  lamp  (CCFL)  behind  a  color 
liquid  crystal  displays  (LCD)  or  generating  high  voltage  for  air-cleaners. 

The  original  design  to  transform  an  input  ac  voltage  to  step  up  or  step  down  using 
converse  and  direct  piezoelectric  properties  of  ceramic  materials  was  proposed  by  Rosen 
[  1  ].  The  principle  of  this  type  of  transformer  is  to  excite  a  piezoelectric  element  (Figure 
1)  at  its  mechanical  resonance  frequency.  Applying  an  electrical  input  to  one  part  of  the 
piezoelectric  element  generates  a  mechanical  vibration  and  then  this  mechanical 
vibration  is  converted  into  electrical  voltage  from  the  other  part  of  the  piezoelectric 
plate. 

375 
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The  initial  Rosen  type  transformer  had  major  reliability  problem,  which  is  the  easy 
mechanical  breakdown  at  the  center  position  due  to  the  coincidence  of  the  residual  stress 
concentration  and  the  vibration  nodal  point.  In  addition  to  improved  mechanically 
tough  ceramic  materials,  by  redesigning  the  electrode  configuration  and  exciting  a  third 
longitudinal  resonance  mode  of  the  rectangular  plate,  the  piezoelectric  transformer 
shown  in  Figure  2a'was  commercialized  by  NEC  in  1994  for  miniaturized  back-light 
inverter  to  light  up  the  cold  cathode  fluorescent  lamp  (CCFL)  behind  a  color  liquid 
crystal  displays  (LCD)  [2]. 


a) 


Figure  1.  a)  Rosen  type  piezoelectric  transformer,  b)  Stress/strain  and  displacement  distribution  at 

first  longitudinal  resonance  mode. 

Another  third  mode  transformer  shown  in  Figure  2b  was  commercialized,  recently,  by 
Mitsui-Sekka  to  use  it  also  for  miniaturized  power  inverter  element  [3].  In  addition  to 
no  electromagnetic  noise  generation,  small  size  and  high  efficiency  are  some  of  the 
advantages  of  the  piezoelectric  transformers  over  the  electromagnetic  types  particularly 
for  computer  applications. 

The  third  mode  transformers  have  some  advantages  over  original  Rosen  type  first  mode 
transformer,  such  as  follows: 

i)  for  the  third  mode  transformer,  stress  concentration  on  the  bar  is  separated  into  three 
different  points  which  makes  the  transformer  mechanically  stronger.  The  electric  field 
and  stress  concentration  are  not  at  the  same  point  on  the  piezoelectric  bar,  while  for  the 
first  mode  transformer,  the  maximum  stress  and  nodal  point  are  at  the  center  of  the 
piezoelectric  bar  that  makes  the  transformer  mechanically  weaker.  This  is  the  major 
problem  of  the  first  mode  transformer.  Moreover,  in  order  to  get  higher  efficiency  the 
transformer  has  to  be  clamped  only  at  a  nodal  point.  Because  the  third  mode 
transformers  have  three  nodal  points  on  the  bar,  they  can  be  clamped  at  two  points 
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easily  without  affecting  the  vibration  modes.  Therefore,  third  mode  transformers  can  be 
packaged  more  safely. 

ii)  the  third  mode  transformers  are  more  efficient  (96%)  than  the  first  mode 
transformers  (90  %). 

iii)  impedance  matching  of  the  third  mode  transformer  with  CCFL  is  better  than  the 
first  mode  transformer. 


a) 


Figure  2.  Structures  of  the  third  mode  piezoelectric  transformers,  proposed  by  (a)  NEC,  (b)  Mitsui-Sekka, 

(c)  stress/strain  and  displacement  distribution. 


For  most  PZT  based  piezoelectric  materials,  the  shear  mode  coupling  constant  is  twice 
as  large  as  the  transverse  mode  coupling.  From  this  motivation,  a  new  disk  type 
piezoelectric  transformer  was  designed  and  it  will  be  introduced  in  the  following 
section. 
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2.  Disk  Type  Piezoelectric  Transformer 

All  the  rectangular  type  transformers  explained  in  the  previous  section  are  using  the 
tTMsverse  mode  coupling  constant  (kii)  of  the  piezoelectric  materials.  For  most 
piezoelectric  materials,  however,  the  shear  mode  coupling  constant  (kjs)  is  twice  as 
large  as  the  transverse  mode  coupling  constant  (ksi).  From  this  motivation,  we  designed 
a  new  circular  piezoelectric  transformer,  which  uses  shear  (kjs)  or  planar  (kp)  mode 
coupling  constants  of  the  piezoelectric  effect  (Fig  3).  The  transformer  is  operating  at  the 
third  radial  resonance  frequency  of  the  piezoelectric  disk. 


Figure  3.  Newly  designed  circular  type  piezoelectric  transformer  structure. 


The  behavior  of  the  transformer  was  modeled  using  ATILA  finite  element  software.  The 
fundamental  and  third  harmonic  mode  shapes  and  potential  fields  are  shown  in  Figures  4 
and  5.  When  the  transformer  is  driven  at  the  first  radial  resonance  frequency  it  uses 
planar  mode  coupling  constant  effectively.  If  the  transformer  is  driven  at  the  third 
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harmonic  radial  frequency,  it  uses  shear  mode  coupling  coefficient.  This  can  be  seen 
from  the  mode  shape  and  potential  field  shown  in  Figure  5. 
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Figure  4,  First  mode  potential  field  and  displacement  shape  of  the  circular  transformer  (67  kHz  FEM 

calculations  using  ATILA® ). 


®  >>9.120e-»0< 
®  :-1.735E-4.04 

^»-7.T09E-kO: 
^  >-9.7B2E*o; 
D3-3.«5SE*0J 
®i-i.9J7£*o: 
^>1.709E-03 
^>T.9a7C^03 

®  >3.aast*03 

<5.7aaE*o3 


PoleolioJ 
Looding  cuse 

ISOVAL 
■  V;5.0J.0» 


Figure  5.  Third  mode  potential  field  and  displacement  shape  of  the  circular  transformer  (152  kHz  FEM 

calculations  using  ATILA^ ). 


3.  Experimental 

The  transformer  structure  shown  in  Figure  4  was  fabricated  using  conimercially 
available  piezoelectric  ceramic  material  (APC  International,  USA).  Hard  piezoelectric 
ceramic  disks  25.4  mm  in  diameter  and  0.5  mm  in  thickness  were  sputtered  with 
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platinum  electrodes  according  to  the  proposed  electrode  configuration.  The  transformer 
was  subjected  to  a  polarization  treatment  by  applying  a  DC  voltage  of  3.0  kV/mm  at 
150  ®C  across  the  input  and  output  electrical  terminals.  Three  identical  single  layer 
transformers  were  then  stacked  using  adhesive  epoxy  as  the  last  step  of  the  fabrication 
process. 

In  order  to  clarify  the  operating  frequency  of  the  transformer,  the  input  (output  terminal 
open-circuited)  and  output  admittance  spectra  were  measured  and  the  results  are  shown 
in  Figure  6.  The  possible  operating  fi-equencies  of  the  transformer  are  first  three  radial 
mode  resonance  fi-equencies  of  which  both  input  and  output  terminals  can  excite.  The 
best  performance  was  obtained  when  the  transformer  was  driven  at  the  third  mode 
resonance  fi-equency. 


Freq  (Hz) 


Figure  6.  Input  and  output  admittance  spectrum. 

The  transformer  low  field  voltage  step-up  ratio  and  efficiency  were  measured  for 
different  resistive  loads  and  the  results  are  shown  in  Figure  7.  The  output  power  on  the 
resistive  loads  was  1.5  Watts  and  the  transformer  was  driven  around  153  kHz.  When 
measuring  the  efficiency,  the  operating  fi-equency  of  the  transformer  was  tuned  so  that 
the  maximum  efficiency  could  be  obtained  for  different  resistive  loads.  The  efficiency 
for  a  resistive  load  ranging  fi-om  100  to  1200  kD  is  found  to  be  around  90  %.  For  the 
same  range  of  load  resistance,  the  voltage  step  up  ratio  was  increased  fi-om  70  to  320. 
These  primary  results  clearly  indicate  that  the  proposed  transformer  can  realize  a  step  up 
ratio  and  power  high  enough  to  light  up  the  cold  cathode  fluorescent  lamp  (CCFL)  for 
back-lights  in  color  liquid  crystal  displays  (LCD)  when  it  is  operated  at  the  third  mode 
resonance  fi-equency. 


381 


Figure  7.  Step-up  ratio  and  efficiency  as  a  function  of  load  resistance. 


Figure  8  shows  the  output/input  voltage  step-up  ratio  and  temperature  rise  of  the 
piezoelectric  transformer  with  variable  output  power  for  a  constant  resistive  load  of  1 10 
k£2.  Temperature  rise  for  a  110  kQ  resistive  load  is  not  significant  up  to  10  Watts  of 
ou^ut  power.  When  the  output  power  is  further  increased,  the  temperature  of  the 
transformer  was  observed  to  increase  by  more  than  80  °C  from  room  temperature.  The 
transformer  step-up  ratio,  however,  decreased  gradually  from  100  to  70  for  the  same 
load  condition. 


Po  (Watts) 


Figure  8.  Step-up  Ratio  and  Temperature  rise  as  a  function  of  output  power  on  a  resistive  load. 
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4.  Conclusions 

A  new  disk  type  piezoelectric  transformer  design  was  proposed  using  three  layered 
commercially  available  hard  piezoelectric  disks,  Non-concentric  input  electrodes  and 
non-uniform  output  poling  lead  to  the  usage  of  shear  mode  piezoelectric  effect  at  (3,0) 
radial  mode  resonance  frequency.  A  prototype  three  layered  transformer  of  25.4-mm  in 
diameter  and  1.5  mm  in  thickness,  operating  at  153  kHz,  was  fabricated  and  its 
characteristics  were  measured.  The  transformer  can  generate  enough  step-up  ratio  and 
power  to  light  up  CCFL  for  back-light  of  color  liquid  crystal  displays  (LCD)  when  it  is 
operated  at  the  third  mode  resonance  frequency. 

Heat  generation  and  step  up  ratio  as  a  function  of  output  power  was  also  investigated. 
Temperature  rise  for  a  1 10  kQ  resistive  load  is  not  significant  up  to  10  Watts  range  of 
output  power.  When  the  output  power  was  further  increased  the  temperature  of  the 
transformer  increased  more  than  80  ®C  from  room  temperature.  The  transformer  step-up 
ratio  however  decreased  gradually  from  100  to  70  for  the  same  load  condition. 
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Loss  Mechanisms  in  Piezoelectrics:  How  to 
Measure  Different  Losses  Separately 

Kenji  Uchino,  Member,  IEEE,  and  Seiji  Hirose,  Member,  IEEE 


Abstract — ^Losses  in  piezoelectrics  are  considered  in  gen¬ 
eral  to  have  three  different  mechanisms:  dielectric,  mechan¬ 
ical,  and  piezoelectric  losses.  This  paper  deals  with  the  phe¬ 
nomenology  of  losses  first,  then  how  to  measure  these  losses 
separately  in  experiments.  We  found  that  heat  generation 
at  off-resonance  is  caused  mainly  by  dielectric  loss  tan  6' 
(i.e.,  P-E  hysteresis  loss),  not  by  mechanical  loss,  and  that 
a  significant  decrease  in  mechanical  Qm  with  an  increase 
of  vibration  level  was  observed  in  resonant  piezoelectric  ce¬ 
ramic  devices,  which  is  due  to  an  increase  in  the  extensive 
dielectric  loss,  not  in  the  extensive  mechanical  loss.  We  pro¬ 
pose  the  usage  of  the  antiresonance  mode  rather  than  the 
conventional  resonance  mode,  particularly  for  high  power 
applications  because  the  mechanical  quality  factor  Qb  at  an 
antiresonance  frequency  is  larger  than  Qa  at  a  resonance 
frequency. 


1.  Introduction 

Loss  or  hysteresis  in  piezoelectrics  exhibits  both  merits 
and  demerits.  For  positioning  actuator  applications, 
hysteresis  in  the  field-induced  strain  provides  a  serious 
problem  and,  for  resonance  actuation  such  as  ultrasonic 
motors,  loss  generates  significant  heat  in  the  piezoelectric 
materials.  Further,  in  consideration  of  the  resonant  strain 
amplified  in  proportion  to  a  mechanical  quality  factor,  low 
(intensive)  mechanical  loss  materials  are  preferred  for  ul¬ 
trasonic  motors.  On  the  contrary,  for  force  sensors  and 
acoustic  transducers,  a  low  mechanical  quality  factor  Qm 
(which  corresponds  to  high  mechanical  loss)  is  helpful  to 
widen  a  frequency  range  for  receiving  signals. 

Haerdtl  [1]  wrote  a  review  article  on  electrical  and  me¬ 
chanical  losses  in  ferroelectric  ceramics.  Losses  are  con¬ 
sidered  to  consist  of  four  portions:  domain  wall  motion; 
fundamental  lattice  portion,  which  also  should  occur  in 
domain-free  monocrystals;  microstructure  portion,  which 
occurs  typically  in  polycrystalline  samples;  and  conductiv¬ 
ity  portion  in  highly  ohmic  samples.  However,  in  the  typ¬ 
ical  piezoelectric  ceramic  case,  the  loss  due  to  the  domain 
wall  motion  exceeds  the  other  three  contributions  signifi¬ 
cantly.  They  reported  interesting  experimental  results  on 
the  relationship  between  electrical  and  mechanical  losses 
in  piezoceramics,  Pbo.9Lao.i(Zro.5Tio.5)i-xMex03,  where 
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Me  represents  the  doped  ions  Mn,  Fe,  or  A1  and  x  varied 
between  0  and  0.09.  However,  they  measured  the  mechan¬ 
ical  losses  on  poled  ceramic  samples,  while  the  electrical 
losses  on  unpoled  samples,  i.e.,  in  a  different  polarization 
state.  Thus,  they  completely  neglected  piezoelectric  losses. 

As  far  as  we  know,  not  much  research  effort  has  been 
put  into  systematic  studies  of  the  loss  mechanisms  in 
piezoelectrics,  particularly  in  high-voltage  and  high-power 
ranges.  Because  not  many  comprehensive  descriptions  can 
be  found  in  previous  reports,  this  paper  will  clarify  the 
loss  mechanisms  in  piezoelectrics  phenomenologically,  de¬ 
scribe  heat  generation  processes  and  high  power  charac¬ 
teristics,  and  discuss  the  resonance  and  antiresonance  vi¬ 
bration  modes  from  a  viewpoint  of  a  quality  factor. 

Although  Hceda  [2]  described  part  of  the  formulas  of  this 
paper  in  his  textbook,  he  totally  neglected  the  piezoelectric 
losses,  which  have  been  found  not  to  be  neglected  in  our 
investigations.  We  derive  the  full  descriptions  of  the  losses 
in  this  paper.  It  is  also  worth  noting  that  we  have  changed 
the  terminologies  “extrinsic”  and  “intrinsic”  losses  used  in 
our  previous  presentations  and  papers  to  “intensive”  and 
“extensive”  losses,  respectively,  in  this  paper. 


II.  Loss  AND  Hysteresis  in  the 
Polarization  Curve 

A.  Relation  Between  Hysteresis  and  Dissipation  Factor 

Let  us  start  first  with  loss  and  hysteresis  in  the  elec¬ 
tric  displacement  D  (nearly  equal  to  polarization  P)  vs. 
electric  field  E  curve  without  considering  the  electrome¬ 
chanical  coupling.  Fig.  1(a)  shows  an  example  of  a  P-E 
hysteresis  curve.  When  the  D  (or  P)  traces  a  different  line 
with  increased  and  decreased  applied  electric  field  E,  it  is 
called  hysteresis. 

When  the  hysteresis  is  not  very  large,  the  electric  dis¬ 
placement  D  can  be  expressed  by  using  a  slight  phase  lag 
to  the  applied  electric  field.  The  hysteresis  curve  shows  an 
ellipse  in  this  case.  Assuming  that  the  electric  field  oscil¬ 
lates  at  a  frequency  f(=  a;/27r)  as 

E*  =  Foe'“’‘,  (1) 

the  induced  electric  displacement  also  oscillates  at  the 
same  frequency  under  the  steady  state,  but  with  some  time 
phase  delay  5'-. 

D*  =  (2) 
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Fig.  1,  (a)  D  vs.  E  (stress  free),  (b)  x  vs.  X  (short-circuit),  (c)  x  vs.  E  (stress  free),  and  (d)  D  vs.  X  (open-circuit)  curves  with  a  slight 
hysteresis  in  each  relation. 


If  we  express  the  relation  between  jD*  and  JS*  as: 

=  e*eoE\  (3) 

where  the  complex  dielectric  constant  e*  is: 

(4) 

and  where 

e''/e' =  (5) 

Note  that  the  negative  connection  in  (4)  comes  from  the 
time  “delay,”  and  that  e'so  =  (Do/£’o)  cos5'  and  e'^eo  = 
(Do/£'o)sin5'. 

The  area  w©  corresponds  to  the  consumed  loss  energy 
during  an  electric  field  cycle  per  unit  volume  of  the  di¬ 
electrics  and  can  be  related  in  isotropic  dielectrics  with  e" 
or  tan 5'  as  follows: 

/r2'K/LJ 

DdE  =  ~  /  D(dE/dt)  dt  =  ttEoDo  sin  S' 

=  Tte^soEQ  =  TTs'eoEl  tan  5'.  (6) 

When  there  is  no  phase  delay  {S'  =  0),  w©  =  0;  i.e.,  the 
electrostatic  energy  stored  in  the  dielectric  will  be  recov¬ 
ered  completely  after  a  full  cycle  (100%  efficiency).  How¬ 
ever,  when  there  is  a  phase  delay,  the  loss  We  will  be  ac¬ 
companied  per  cycle,  and  the  dielectric  material  generates 
heat.  The  tan  is  called  dielectric  dissipation  factor. 

In  consideration  of  the  stored  electrostatic  energy  dur¬ 
ing  a  half  cycle  from  —Eq  to  Eq  [=  4  Ue,  which  is  illustrated 
as  an  area  in  Fig.  1(a)]  provided  by: 

4Ue  -  {l/2){2Eo){2e'£oEo)  =^2e'eoEl  (7) 


the  dissipation  factor  tan  5'  can  be  experimentally  ob¬ 
tained  by: 

tan5'-(l/27r)(we/Ue).  (8) 

Note  that  w©  is  the  hysteresis  in  a  full  cycle  and  Ue  is  the 
stored  energy  in  a  quarter  of  a  cycle. 

Temperaturej  Electric  Fields  and 
Frequency  Dependence  of  P-E  Hysteresis 

Fig.  2,  3,  and  4  show  temperature,  electric  field  and  fre¬ 
quency  dependence  of  the  dissipation  factor  tan  5'  calcu¬ 
lated  firom  the  P-E  hysteresis  loss  measured  under  stress- 
free  conditions  for  a  PZT-based  ceramic.  Experimental  de¬ 
tails  are  in  [3].  The  loss  tan  5'  decreases  gradually  with 
increasing  temperature,  but  it  is  rather  insensitive  to  fre¬ 
quency.  On  the  contrary,  the  tan  5'  increases  initially  in 
proportion  to  the  applied  electric  field,  exhibiting  a  sat¬ 
uration  above  a  certain  electric  field.  After  reaching  the 
saturation,  i.e.,  more  than  0.1  of  tan  5',  this  complex  phys¬ 
ical  quantity  treatment  should  not  be  used.  The  value  for 
F?  =  0  (solid  triangle  mark  in  the  figure)  was  obtained  with 
an  impedance  analyzer. 

III.  General  Consideration  of  Loss  and 
Hysteresis 

A.  Theoretical  Formulas 

Let  us  expand  the  above  discussion  into  more  general 
cases,  i.e.,  piezoelectric  materials.  We  will  start  from  the 
Gibbs  free  energy  G  expressed  by: 

dG  =  -a:dX  -  DdF;  -  SAT, 


(9) 
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Temperature  ( “C) 

Fig.  2.  Loss  tany  as  a  function  of  sample  temperature  (3  kV/mm, 
300  Hz). 


Electric  Field  (kV/mm) 

Fig.  3.  Loss  tanS'  as  a  function  of  electric  field  {T  =  25®C,  f  = 
300  Hz). 


Frequency  (kHz) 

Fig.  4.  Loss  tan  5'  as  a  function  of  frequency  (T  =  25°  C,  E  = 
2  kV/mm). 
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or 

G  =  -(1/2)  -dXE-  (1/2)  e^SQ  E^. 

(10) 

Here,  x  is  strain,  X  is  stress,  D  is  electric  displacement,  E 
is  electric  field,  S  is  enthalpy,  and  T  is  temperature.  (10)  is 
the  energy  expression  in  terms  of  intensive  (i.e.,  externally 
controllable)  physical  parameters  X  and  E.  Temperature 
dependence  is  carried  into  the  elastic  compliance  s®,  the 
dielectric  constant  and  the  piezoelectric  constant  d.  We 
will  obtain  the  following  two  piezoelectric  equations; 

x  =  -idG/dX)  =  s^X  +  dE,  (11) 

D  =  -{dG/dE)  =  dX  +  e^eoE.  (12) 

Note  that  thermodynamical  equations  and  the  con¬ 
sequent  piezoelectric  equations  [(9)-(12)]  cannot  yield  a 
delay-time-related  loss  without  tahing  into  account  ir¬ 
reversible  thermodynamic  equations  or  dissipation  func¬ 
tions,  in  general.  However,  the  latter  considerations  are 
mathematically  equivalent  to  the  introduction  of  complex 
physical  constants  into  the  phenomenological  equations,  if 
the  loss  can  be  treated  as  a  perturbation. 

Therefore,  we  will  introduce  complex  parameters 
s®*,  and  d*  in  order  to  consider  the  hjrsteresis  losses  in 
dielectric,  elastic,  and  piezoelectric  coupling  energy: 

e^*  =  £^(1  -  jtan5'),  (13) 

s^*  =  s®(l  -j  tan ?!)'),  (14) 

d*  =  d(l  —  jtanfl'))  (15) 

where  O'  is  the  phase  delay  of  the  strain  under  an  applied 
electric  field,  or  the  phase  delay  of  the  electric  displace¬ 
ment  under  an  applied  stress.  Both  delay  phases  should  be 
exactly  the  same  if  we  introduce  the  same  complex  piezo¬ 
electric  constant  d*  into  (11)  and  (12).  S'  is  the  phase  delay 
of  the  electric  displacement  to  an  applied  electric  field  un¬ 
der  a  constant  stress  (e.g.,  zero  stress)  condition,  and  </>' 
is  the  phase  delay  of  the  strain  to  an  applied  stress  under 
a  constant  electric  field  (e.g.,  short-circuit)  condition.  We 
will  consider  these  phase  delays  as  “intensive”  losses. 

Fig.  l(a)-(d)  correspond  to  the  model  hysteresis  curves 
for  practical  experiments:  D  vs.  E  curve  under  a  stress-free 
condition,  x  vs.  X  under  a  short-circuit  condition,  x  vs.  E 
imder  a  stress-free  condition,  and  D  vs.  X  under  an  open- 
circuit  condition  for  measuring  charge  (or  under  a  short- 
circuit  condition  for  measuring  current),  respectively.  No¬ 
tice  that  these  measurements  are  easily  conducted  in  prac¬ 
tice. 

In  a  similar  fashion  to  the  previous  section,  the  stored 
energies  and  hysteresis  losses  for  pine  dielectric  and  elastic 


energies  can  be  calculated  as: 

Ue  =  il/2)e^eoEl  (16) 

We  =  ire^eoEQ  tan  5',  (17) 

U„,  =  (l/2)s®X2,  (18) 

Wjn  =  tts^Xq  tan  <f)' .  (19) 
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The  electromechanical  loss,  when  measuring  the  in¬ 
duced  strain  under  an  electric  field,  is  more  complicated. 
Let  us  calculate  the  stored  energy  Uem  during  a  quarter 
electric  field  cycle  (i.e.,  0  to  Eq)  ,  first: 

Uen>  =  -  y  xdX  =  (l/2)(x2/s®)  =  (l/2)(dEo)  Vs® 

=  (l/2)(dVs®)E2.  (20) 

Replacing  d  and  s^  by  d^  =  d(l  -  jtan(9')  and  s®*  = 
s^(l  —  jtan^'),  we  obtain 

Ue„.  =  (l/2)(dVs^)Eg,  (21) 

and 

Wem  =  7r(d^/s®)  Eq  (2  tan  -  tan<;6').  (22) 

Note  that  the  strain  vs.  electric  field  measurement 
seems  to  provide  the  piezoelectric  loss  tan  6'  directly;  how¬ 
ever,  the  observed  loss  should  include  an  additional  elastic 
loss  because  the  strain  should  be  delayed  to  the  initial 
stress,  which  is  needed  to  calculate  energy. 

Similarly,  when  we  measure  the  induced  charge  under 
stress,  the  stored  energy  Ume  and  the  hysteresis  loss  Wme 
during  a  quarter  and  a  full-stress  cycle,  respectively,  are 
obtained  as: 

U^e  =  (l/2)(dVeoe'')Xo^  (23) 

and 

Wme  =  7r(d^/eoe^^)  Xq  (2  tan  0'  -  tan  5').  (24) 

Hence,  from  the  measurements  of  D  vs.  E  and  x  vs. 
X,  we  obtain  tan^'  and  tan^',  respectively,  and  either 
the  piezoelectric  (D  vs.  X)  or  converse  piezoelectric  mea¬ 
surement  (x  vs.  E)  provides  tan0'  through  a  numerical 
subtraction. 

So  far,  we  have  discussed  the  “intensive”  dielectric,  me¬ 
chanical,  and  piezoelectric  losses.  In  order  to  consider  real 
physical  meanings  of  the  losses,  we  will  introduce  the  “ex¬ 
tensive”  losses  [2].  When  we  start  from  the  energy  expres¬ 
sion  in  terms  of  extensive  (material’s  own)  physical  pa¬ 


rameters  X  and  D,  that  is, 

dA  =  dx  -h  £;dZ)  -  SdT,  (25) 

we  can  obtain  the  piezoelectric  equations  as  follows: 

X  =  {dA/dx)  —  c^x  —  hD,  (26) 

E  =  {dA/dD)  =  -h  X  -I-  k^kq  D.  (27) 

We  introduce  the  extensive  dielectric,  elastic,  and  piezo¬ 
electric  losses  as: 

=  «^(1  +  j  tan(5),  (28) 

qD*  =  c^(1 -h  j  tan(^),  (29) 

h*  =  h(l  +  jtan^).  (30) 


It  is  notable  that  the  permittivity  under  a  constant 
strain  (e.g,,  zero  strain  or  completely  clamped)  condition, 
and  the  elastic  compliance  under  a  constant  electric 
displacement  (e.g.,  open-circuit)  condition,  s^*  can  be  pro¬ 
vided  as  an  inverse  value  of  and  c^" ,  respectively.  Thus, 

using  exactly  the  same  losses  in  (28)  and  (29), 

=  £''(1 -jtan^),  (31) 

=  s^(l-jtan0),  (32) 

we  will  consider  these  phase  delays  again  as  “extensive” 
losses. 

Here,  we  consider  the  physical  property  difference  be¬ 
tween  the  boundary  conditions:  E  constant  and  D  con¬ 
stant,  or  X  constant  and  x  constant.  When  an  elecric  field 
is  applied  on  a  piezoelectric  sample  as  illustrated  in  the 
top  of  Fig.  5,  this  state  will  be  equivalent  to  the  superpo¬ 
sition  of  the  following  two  steps;  the  sample  is  completely 
clamped  and  the  field  Eq  is  applied  (pure  electrical  en¬ 
ergy  {l/2)e^eoE^  is  input);  and  keeping  the  field  at  Eq, 
the  mechanical  constraint  is  released  (additional  mechan¬ 
ical  energy  (l/2)(d^/s®)  Eq  is  necessary).  The  total  en¬ 
ergy  should  correspond  to  the  total  input  electrical  energy 
{1/2)€^€qE^;  thus,  we  obtain  the  relation, 


eo£^=eo£’‘  +  (dVs®). 

(33) 

Similarly,  from  the  bottom  of  Fig.  5, 

-f  (d^/soe^). 

(34) 

Hence,  we  obtain  the  following  equations: 

1 

rH 

II 

(35) 

s°/s^  =  '(l-k^), 

(36) 

where 

=  d^/(s^so6:^). 

(37) 

Similarly, 

=  (1  -  k2), 

(38) 

c^/c^  =  (1  —  k^), 

(39) 

where 

k^  =  h^/(c^  k^Kq), 

(40) 

This  k  is  called  the  electromechanical  coupling  factor, 
and  is  the  same  as  the  k  in  (37),  because  the  equation 
d^/(s^eo^^)  —  h^/(c^«^«o)  can  be  verified  mathemati¬ 
cally,  We  define  the  k  as  a  real  number  in  this  manuscript. 

In  order  to  obtain  the  relationships  between  the  inten¬ 
sive  and  extensive  losses,  the  following  three  equations  are 
essential: 

£0^^  =  (1  -  h^/(c°  «’'«o))]  \ 

(41) 

s®=:[c^(l-hV(c°«"«o))]-\ 

(42) 

d  =  [hV(c°  «’‘«o)]  [h  (1  -  hV(c°  «^«o))]" 

1 

(43) 
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Total  Input 
Electrical  Energy 

=  (1/2)  eoe^  Eo^ 


Total  Input 
Mechanical  Energy 
=  (1/2)  sEXo2 


Electrically 

short-circuited 


Fig.  5.  Conceptual  figure  for  explaining  the 


Stored 

Electrical  Energy 

=  (1/2)  eoe^  Eo2 


Mechanically 

clamped 


Stored 

Mechanical  Energy 

=  (1/2)  s^Xo^ 


I 


Electrically 

open-circuited 


between  and  e*,  s®,  and  s°. 


Stored 

Mechanical  Energy 

=  (1/2)  (d2/sE)Eo2 


Electrically 

short-circuited 


Stored 

Electrical  Energy 

=  (1/2)  (d2/eoeX)Xo2 


Polarization 
P  =  dXo 
Inverse  field 
E  =  dXo/eoeX 


Replacing  the  parameters  in  (41)-(43)  by  the  complex  pa¬ 
rameters  in  (13)-(15),  (28)-(30),  we  obtain  the  relation¬ 
ships  between  the  intensive  and  extensive  losses: 

tan  5'  =  (1/(1  -  k^))[tan5  -hk^(tan0  2tan0)], 

(44) 

tan<^'  =  (1/(1  —  k^))[tan0  -h  k^(tan5  —  2tan^)], 

(45) 

tan^'  =  (1/(1  k^))[tan  J  H-  tani^  —  (1  -i-k^)  tan  5], 

(46) 

where  k  is  the  electromechanical  coupling  factor  defined 
by  either  (37)  or  (40),  and  here  as  a  real  number.  It  is  im¬ 


portant  that  the  intensive  dielectric  and  elastic  losses  are 
mutually  correlated  with  the  extensive  dielectric,  elastic, 
and  piezoelectric  losses  through  the  electromechanical  cou¬ 
pling  k^,  and  that  the  denominator  (1— k^)  comes  basically 
from  the  ratios,  e^je^  =  (1  —  k^)  and  s^/s®  =  (1  —  k^), 
and  this  real  part  reflects  to  the  dissipation  factor  when 
the  imaginary  part  is  divided  by  the  real  part.  Also  note 
that,  depending  on  the  vibration  mode,  the  definition 
of  electromechanical  coupling  k  can  be  changed  such  as 

k2=dV(s^eo^^). 
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Fig.  6.  Dissipation  factors  determined  from  (a)  D  vs.  E  (stress  free),  (b)  x  vs.  X  (short-circuit),  (c)  x  vs.  E  (stress  free),  and  (d)  D  vs,  X 
(open-circuit)  curves  for  a  PZT-based  actuator. 


B.  Experimental  Example 

Fig.  6  shows  “intensive”  ciissipation  factors  determined 
from  Fig.  6(a)  D  vs.  E  (stress  free),  Fig.  6(b)  X  vs,  X 
(short-circuit),  Fig.  6(c)  x  vs.  E  (stress  free),  and  Fig.  6(d) 
D  vs.  X  (open-circuit)  curves  for  a  soft  PZT-based  mul¬ 
tilayer  actuator  used  for  Figs.  2,  3,  and  4.  The  details  on 
the  experiments  will  be  reported  in  the  successive  papers. 
Fig.  7  shows  the  result  for  the  piezoelectric  loss  tan6\  We 
used  the  correlation  factor  between  electric  field  and  com¬ 
pressive  stress  given  averagely  hy  X  =  (eoe^/s®)^/^  E. 

R'om  Figs.  6  and  7,  we  can  calculate  the  “extensive” 
losses  as  shown  in  Fig.  8.  Note  that  the  piezoelectric  losses 


taxiO'  and  tan^  are  not  as  small  as  previously  believed, 
but  they  are  comparable  to  the  dielectric  and  elastic  losses 
and  increase  gradually  with  the  field  or  stress.  Also  it  is 
noteworthy  that  the  extensive  dielectric  loss  tan  5  increases 
significantly  with  an  increase  of  the  intensive  parameter 
(i.e.,  the  applied  electric  field),  and  the  extensive  elastic 
loss  tan  (p  is  rather  insensitive  to  the  intensive  parameter, 
i.e.,  the  applied  compressive  stress. 

When  similar  me2isurements  to  Figs.  1(a)  and  (b),  but 
under  constrained  conditions — that  is,  D  vs,  E,  under  a 
completely  clamped  state,  and  x  vs.  X,  under  an  open- 
circuit  state,  respectively — ^we  can  expect  smaller  hystere- 
ses,  that  is,  extensive  losses,  tan  5  and  tan  <f>.  These  mea- 
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Electric  Field  (kV/mm) 


Fig.  7.  Extrinsic  piezoelectric  dissipation  factor  tan  as  a  function 
of  electric  field  or  compressive  stress  ^  measured  for  a  PZT-based  ac¬ 
tuator. 


surements  seem  to  be  alternative  methods  to  determine  the 
three  losses  separately;  however,  they  are  rather  difficult 
in  practice. 


IV.  Loss  AND  Heat  Generation 

Heat  generation  in  various  types  of  PZT-based  actua¬ 
tors  has  been  studied  under  a  relatively  large  electric  field 
applied  (1  kV/mm  or  more)  at  an  off-resonance  frequency, 
and  a  simple  analytical  method  was  established  to  evaluate 
the  temperature  rise,  which  is  very  useful  for  the  design 
of  piezoelectric  high-power  actuators.  Heat  generation  in 
a  resonating  piezoelectric  sample  is  discussed  in  the  next 
section. 

Zheng  et  al  [3]  reported  the  heat  generation  from  vari¬ 
ous  sizes  of  multilayer  type  piezoelectric  ceramic  actuators. 
Fig.  9  shows  the  temperature  change  with  time  in  the  ac¬ 
tuators  when  driven  at  3  kV/mm  and  300  Hz.  Fig.  10  plots 
the  saturated  temperature  as  a  function  of  Ve/A,  where 
Ve  is  the  effective  volume  (electrode  overlapped  part)  and 
A  is  the  surface  area.  This  linear  relation  is  reasonable  be¬ 
cause  the  volume  Ve  generates  the  heat,  emd  this  heat  is 
dissipated  through  the  area  A.  Thus,  if  we  need  to  suppress 
the  temperature  rise,  a  small  Ve/A  design  is  preferred. 

According  to  the  law  of  energy  conservation,  the  rate  of 
heat  storage  in  the  piezoelectric  resulting  from  heat  gen¬ 
eration  and  dissipation  effects  can  be  expressed  as: 


qg-qout=Vpc(dr/dt),  (47) 


electric  can  be  expressed  as: 

Qg  =  U  f  Ve,  (48) 

where  u  is  the  loss  of  the  sample  per  driving  cycle  per  unit 
volume,  f  is  the  driving  frequency,  and  Ve  is  the  effective 
volume  where  the  ceramic  is  activated.  According  to  the 
measuring  condition,  this  u  corresponds  to  the  intensive 
dielectric  loss  w©  of  (17),  which  consists  of  the  extensive 
dielectric  loss  tan  5  and  the  electromechanical  and  piezo¬ 
electric  combined  loss  (tan  —  2  tan  0)  in  the  previous  sec¬ 
tion: 


u  =  We  =  rrs^eoEQ  tan  S' 

=  [1/(1  —  k^)][tan^ +  k^(tan(^  — 2tan0)]7r6^£:o£^o• 

(49) 

Note  that  we  do  not  need  to  add  Wem  explicitly,  because 
the  corresponding  electromechanical  loss  is  already  in¬ 
cluded  implicitly  in  We- 

When  we  neglect  the  conduction  heat  transfer,  the  rate 
of  heat  dissipation  (qout)  froiR  the  sample  is  the  sum  of  the 
rates  of  heat  flow  by  radiation  (qr)  and  convection  (qc): 


qout  =  Qr  "h  Qc 

=  aeA(T^  -  2^)  +  he  A(T  -  Tq)  ,  (50) 

where  cr  is  the  Stehan-Boltzmann  constant,  e  is  the  emis- 
sivity  of  the  sample,  he  is  the  average  convective  heat 
transfer  coefficient,  and  A  is  the  sample  surface  area.  Thus, 
(47)  can  be  written  in  the  form: 

u  f  V- A  k(T)(T-To)  =  Vpc(dr/dt),  (51) 

where 

k(T)  =  ae(T^  +  TS){T  +  To)  +  he  (52) 

is  defined  as  the  overall  heat  transfer  coefficient.  If  we  as¬ 
sume  that  k(T)  is  relatively  insensitive  to  temperature 
change,  the  solution  to  (51)  for  the  piezoelectric  sample 
temperature  is  given  as  a  function  of  time  (t): 

T  -  To  =  [u  f  Ve/k(T)  A]  [1  -  ,  (53) 

where  the  time  constant  r  is  expressed  as: 

r  =  pcV/k(T)A.  (54) 

As  t  00,  the  maximum  temperature  rise  in  the  sample 
becomes: 


Ar  =  u  f  Ve/k(T)A.  (55) 

As  t  0,  the  initial  rate  of  temperature  rise  is: 

(dT/dt)  =  u  f  Ve/pc  V  =  AT/r.  (56) 


assuming  uniform  temperature  distribution  in  the  sample. 
V,  p,  c  are  total  volume,  density,  and  specific  heat,  respec¬ 
tively,  The  heat  generation  is  considered  to  be  caused  by 
losses.  Thus,  the  rate  of  heat  generation  (qg)  in  the  piezo¬ 


Figs.  11  and  12  show  the  dependence  of  k(T)  on  applied 
electric  field  and  frequency.  Because  k(r)  is  not  really  con¬ 
stant,  we  can  calculate  the  total  loss  u  of  the  piezoelectric 
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Electric  Field  (kV/mm) 


Fig.  8.  Intrinsic  loss  factors  tan  5,  tan^,  and  tand  as  a  function  of  electric  field  or  compressive  stress,  measured  for  a  PZT-based  actuator. 


more  precisely  through  (56).  The  calculated  results  are 
shown  in  Table  1.  The  experimental  data  of  P-E  hystere¬ 
sis  losses  under  a  stress-free  condition  also  are  listed  for 
comparison.  It  is  seen  that  the  P-E  hysteresis  intensive 
loss  agrees  well  with  the  total  loss  contributing  to  the  heat 
generation  under  an  off-resonance  drive. 


V.  Losses  at  a  Piezoelectric  Resonance 

So  far,  we  have  considered  the  losses  for  a  quasi-static 
or  off-resonance  state.  Problems  in  ultrasonic  motors  that 
are  driven  at  the  resonance  frequency  include  significant 
distortion  of  the  admittance  frequency  spectrum  due  to 
nonlinear  behavior  of  elastic  compliance  at  a  high  vibra¬ 
tion  amplitude,  and  heat  generation  that  causes  a  serious 
degradation  of  the  motor  characteristics  through  depoling 
of  the  piezoceramic.  Therefore,  the  ultrasonic  motor  re¬ 
quires  a  very  hard-type  piezoelectric  with  a  high  mechan¬ 
ical  quality  factor  Qm,  leading  to  the  suppression  of  heat 
generation.  It  is  also  notable  that  the  actual  mechanical 


vibration  amplitude  at  the  resonance  frequency  is  directly 
proportional  to  this  Qm  value. 

A.  Losses  at  a  Piezoelectric  Resonance 

L  Piezoelectric  Resonance  Without  Loss:  Let  us  first 
review  the  longitudinal  mechanical  vibration  of  a  piezo- 
ceramic  plate  without  loss  through  the  transverse  piezo¬ 
electric  effect  (dsi)  as  shown  in  Fig.  13  [4].  Assuming  that 
the  polarization  is  in  the  z-direction  and  the  x-y  planes 
are  the  planes  of  the  electrodes,  the  extentional  vibration 
in  the  x  direction  is  represented  by  the  following  dynamic 
equation: 

Pid\/dt^)  =  F  =  (dXu/dx)  +  {dXi2/dy)  +  [dXis/dz), 

(57) 

where  u  is  the  displacement  of  the  small  volume  element 
in  the  ceramic  plate  in  the  x-direction  and  p  is  the  density. 
When  the  plate  is  very  long  and  thin,  X2  and  A3  may  be 
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TABLE  I 

Loss  AND  Overall  Heat  Transfer  Coefficient  for  PZT  Multilayer  Samples  (jE  =  3  kV/mm,  f  =  300  Hz). 


Actuator 

4.5  X  3.5  X  2  mm 

7x7x2  mm 

17  X  3.5  X  1  mm 

Total  loss  (xlO^J/m^) 

fVe  \  dt  /  t-.0 

19.2 

19.9 

19.7 

P  —  E  hysteresis  loss  (xlO^J/m^) 

18.5 

17.8 

T7.4 

k(T)  (W/m^K) 

38.4 

39.2 

34.1 

Fig.  9.  Temperature  rise  for  various  actuators  while  driven  at  300  Hz 
and  3  kV/mm. 


set  equal  to  zero  through  the  plate,  and  the  relation  be¬ 
tween  stress,  electric  field  (only  exists),  and  the  induced 
strain  is  given  by: 

Xi=Xi/sf,-{d3i/sf^)E,.  (58) 

Introducing  (58)  into  (57)  and  allowing  for  xi  —  9u/3x 
and  dEzfdx  =  0  (due  to  the  equal  potential  on  each  elec¬ 
trode),  leads  to  a  harmonic  vibration  equation: 

—uj^psfiu  =  d'^ufdx^.  (59) 

Here,  u  is  the  angular  frequency  of  the  drive  field.  Substi¬ 
tuting  a  general  solution  u  =  iii(x)e^**^^  +  n2(x)e“j‘^^  into 
(58),  and  with  the  boundary  condition  =  0  at  x  —  0 
and  L  (sample  length) ,  a  solution  can  be  obtained  as  shown 
in  (60)  and  (61)  (top  of  next  page).  Here,  v  is  the  sound 
velocity  in  the  piezoceramic,  which  is  given  by: 


Because  the  total  current  is  given  by  (63)  (top  of  next 
page)  and  using  (60),  the  admittance  for  the  mechanically 
free  sample  is  calculated  to  be  (64)  (top  of  next  page), 
where  w  is  the  width,  L  is  the  length,  t  is  the  thickness 
of  the  sample,  and  V  is  the  applied  voltage,  is  the 
permittivity  in  a  longitudinally  clamped  sample,  which  is 
given  by: 

eo£3°  =  £0^3  -  (d^/sn)  =  £0^3  -  ^31). 

(65) 


Fig.  10.  Temperature  rise  vs.  Ve/A  (3  kV/mm,  300  Hz),  where  Ve 
is  the  effective  volume  generating  the  heat  and  A  is  the  surface  area 
dissipating  the  heat. 


The  final  transformation  is  provided  by  the  definition, 

ksi  =  d3i//sfieo£3-  (d®) 

When  the  drive  frequency  is  much  lower  than  the  reso¬ 
nance,  taking  a;  0  (64)  leads  to  Y  =  (ja;wL/t)£^  (cor¬ 
responding  to  the  static  capacitance).  The  piezoelectric 
resonance  is  achieved  when  the  admittance  becomes  infi¬ 
nite  or  the  impedance  is  zero.  The  resonance  frequency  fa 
is  calculated  from  (64),  and  the  fundamental  fa  is  given 
by: 

fR  =  v/2L  =  l/(2Ly^E).  (67) 

However,  the  antiresonance  state  is  generated  for  zero  ad¬ 
mittance  or  infinite  impedance: 

(a;AL/2v)  cot(a;AL/2v)  =  “*d3i/e3^sf\  =  ^"^31/  (l  —  k^^) . 

(68) 

The  resonance  and  antiresonance  states  are  described 
by  the  following  intuitive  model  [4].  In  a  high  electrome¬ 
chanical  coupling  material  with  k  almost  equal  to  1,  the 
resonance  or  antiresonance  states  appear  for  tan(cL;L/2v)  = 
00  or  0  [i,  e.,  a;L/2v  =  (m  -  1/2)?:  or  m7r  (m:  integer)], 
respectively.  The  strain  amplitude  xi  distribution  for  each 
state  [calculated  using  (60)]  is  illustrated  in  Fig.  14.  In  the 
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(strain)  du/dx  =  Xi  =  d3i£'z[siiia>(L  -  x)/v  +  sin(a’x/v)]/  sin(wL/v), 

(60) 

- 

L 

(total  displacement)  AL  =  J xidx  —  d3i£^zL(2v/wL)  tan(c<jL/2v) 

0 

(61) 

L  L 

i=jujvf  J  n3dx  =  jww  j  [(eoef  -  dii/sfi)  +  (d3i/sn)xi]  dx, 

0  0 

(63) 

Y=^{llZ)  =  {i/V)  =  {ijE,t) 

-  (jajwL/t)eoe3‘^  [l  +  (d|i/eoff3°sfi)(tan(a;L/2v)/(a;L/2v))] , 

(64) 

Fig.  11.  fc(r)  as  a  function  of  applied  electric  field  (400  Hz,  data  from 
the  actuator  with  dimensions  of  7  mm  x  7  mm  x  2  mm). 
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resonaaice  state,  large  strain  amplitudes  and  large  capac¬ 
itance  changes  (called  motional  capacitance)  are  induced, 
and  the  current  can  easily  flow  into  the  device.  Note  that, 
for  a  loss-free  piezoelectric,  the  strain  is  calculated  to  be 
infinite  in  (60).  However,  at  the  antiresonance,  the  strains 
induced  in  the  device  cancel  each  other  completely,  result¬ 
ing  in  no  capacitance  change,  and  the  current  cannot  flow 
easily  into  the  sample.  Both  ends  of  the  plate  correspond 
to  the  nodal  points,  which  do  not  generate  any  motion  to 
be  used  for  actuators.  Thus,  for  a  high  k  material,  the  first 
antiresonance  frequency  fA  should  be  twice  as  large  as  the 
first  resonance  frequency  f^. 

In  a  typical  case,  where  ksi  =  0.3,  the  antiresonance 
state  varies  from  the  above-mentioned  mode  and  becomes 
closer  to  the  resonance  mode.  The  low-coupling  mate- 


Fig.  12.  Overall  heat  transfer  coefficient  lc(T)  as  a  function  of  fre¬ 
quency. 


Fig.  13.  Longitudinal  vibration  through  the  transverse  piezoelectric 
effect  (dai)  in  a  rectangular  plate. 
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Fig.  14.  Strain  generation  in  the  resonance  or  antiresonance  state.  The  strain  magnitude  is  plotted  in  the  vertical  axis  as  a  function  of  the 
X  coordinate. 


rial  exhibits  an  antiresonance  mode  in  which  capacitance 
change  due  to  the  size  change  is  compensated  completely 
by  the  current  required  to  charge  up  the  static  capacitance 
(called  damped  capacitance).  Thus,  the  antiresonance  fre¬ 
quency  fA  will  approach  the  resonance  fa. 

When  (fA  —  fa)  is  not  very  large  due  to  a  small  elec¬ 
tromechanical  coupling,  we  can  derive  the  following  ap¬ 
proximate  expression  for  fA-  Assuming  that  lja  —  is 
much  smaller  than  ci;r(=  ttv/L),  and 

(waL/Sv)  cot[(wA  -  wr)L/2v  -  7r/2]  =  -k§i/  (l  -  kgi) . 

(69) 

Thus, 

a;A  =  (WL)[l  +  (4A^)Kii],  (70) 

where  we  introduced  a  new  parameter  K31  as: 

Kii=kii/(l-kL).  (71) 

It  is  notable  that,  for  a  piezoelectric  sample  with  a  typical 
ksi  value,  the  two  ends  of  the  plate  axe  not  the  nodal 
points;  that  is,  we  can  expect  rather  large  displacements, 
which  can  be  applied  for  ultrasonic  motors. 

2.  Piezoelectric  Resonance  with  Losses:  Now  we  will 
introduce  the  complex  parameters  into  the  admittance 
curve  around  the  resonance  frequency,  in  a  similar  way 
to  the  previous  section:  ef*  =  e^(l  “■  jtanJ'),  s^i  = 
sfi{l  —  jtan0'),  and  d^^  =  d(l  —  jtanfl')  into  (64)  [see 
(72);  next  page].  For  (72), 

Co  =  (wL/t)£oe3  )  (73) 

Cd  -  (1  -  k§i)Co.  (74) 

Note  that  the  loss  for  the  first  term  (damped  conductance) 
is  represented  by  the  “extensive”  dielectric  loss  tan  5,  not 
by  the  intensive  loss  tan(y^  Taking  into  account 

v*  =  1/Jpsfi{l  -  j  tan^')  =  v(l  -f  (l/2)jtan0'), 

(75) 

we  further  calculate  1/ tan(a;L/2v*)  with  an  expansion- 
series  approximation  around  (a;L/2v)  =  7r/2.  The  reso¬ 
nance  state  is  defined  in  this  case  for  the  maximum  ad¬ 
mittance  point,  rather  than  the  infinite  Y. 


We  will  use  new  frequency  parameters, 

n  =  a;L/2  V,  AQ  =  -  7r/2(<  1).  (76) 

Because  a;L/2  v*  =  {'jr/2  -I-  An)[l  —  (l/2)j  tan(^'], 

l/tan(a;L/2v*)  =  —  Afl -{- j(7r/4)  tan0'.  (77) 

Thus,  using  K§i  =  k3i/(l  ~  k^i),  the  motional  admittance 
Ym  is  approximated  aroimd  the  first  resonance  frequency 
by  (78)  (top  of  next  page).  The  maximum  Ym  is  obtained 
at  Af2  =  0: 

Y““  =  (8/7r2)a;oCdK§i(tan.^')“'-  (79) 

In  order  to  obtain  the  mechanical  quality  factor,  let  us 
obtain  Af2,  which  provides  Y^^/y/2.  Because  AH  = 
(7r/4)  tan^'  is  obtained, 

Qm  =  fio/2Afi  =  (7r/2)/2(7r/4)tan^6'  =  (tan^')“^- 

(80) 

This  verifies  the  already  used  relation,  Qm  =  (taii<^^)“^. 

Here,  the  displacement  amplification  also  is  considered. 
From  (61),  also  by  using  the  complex  parameters,  (81)  is 
true  (see  top  of  next  page).  The  maximum  displacement 
Umax  is  obtained  at  AO  =  0; 

Umax  =  (8/1^)  d31  (82) 

The  maximum  displacement  at  the  resonance  frequency 
is  (S/tt^)  Qm  times  larger  than  that  at  a  nonresonance 
frequency  (dai E^L), 

In  a  brief  summary,  we  obtained  an  already  used  knowl¬ 
edge:  when  we  observe  the  admittance  or  displacement 
spectrum  as  a  function  of  drive  frequency,  and  obtain 
the  mechanical  quality  factor  Qm  estimated  from  Qm  — 
a;o/2Aa;,  where  2Aa;  is  a  full  width  of  the  3  dB  down  (i.e., 
lfy/2)  of  the  maximum  value  at  a;  =  tJo,  we  can  obtain 
the  intensive  mechanical  loss  tan^'. 

B,  Equivalent  Circuit 

The  equivalent  circuit  for  the  piezoelectric  actuator  is 
represented  by  a  combination  of  L,  C,  and  R.  Fig.  15(a) 
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Y  =  Yd+Yn, 

=  (ju;wL/t)eo£'j  (1  -  k|i)[l  -  j  (1/(1  -  k|i))(tan(5'  +  k^i(taiifl^'  -  2  taii0'))] 

+  (ju;wL/t)£oe3  k3i[l  -  j  (2  tan  (9'  -  tan9i')][tan(a)L/2  v*)/(wL/2v*)] 

=  ja;Co(l  —  k|i)[l  —  j(l/(l  —  k3i))(tan(5'  +k3i(tan(^'  -  2tan6>'))] 

+ja;Cok3i[l  —  j(2tan0^  —  tan^^)][tan(a;L/2v*)/(wL/2v*)] 

=  jwCd(l  -jtan(5)  +ja;CdK3i[l  -  j(2tan0'  - tan0')][taJi(‘^L/2v*)/(wL/2v*)],  (72) 


Ym  =  ju;CdK3i[l  -  j (2  tan  -  tan(^')][tan(wL/2v*)/(wL/2v*)] 

=  jwoCdK|i[l  -  j(2tan0'  -  tan (/>')]/[(- Afl  +  j(7r/4)tan^')(V2)(l  -  (l/2)jtan^6')] 

=  j(8/’’’^)woCdK3i[(l  +j(3/2)tan(^'  -  2tan0')]/[(-(4/7r)Afi+jtan^')l-  (78) 


•a(L)  =  d3ij54L(2v*/a;L)  tan(a;L/2v*) 

=  2d3i(l  -  j  tan^O  E^L\v{l  +  (1/2)  j  tan^O/wL]  tan(wL/2v*) 

-  2d3i(l  -  j  tan^O  i;,L[v(l  +  (1/2)  j  tan^')/woL]/(-An  +  j(7r/4)  tan<^')-  (81) 


Fig.  15.  Equivalent  circuit  of  a  piezoelectric  device  for  the  resonance 
(a)  and  the  guitiresonance  (b). 


shows  an  equivalent  circuit  for  the  resonance  state,  which 
has  very  low  impedance.  Taking  into  account  (72),  we  can 
understand  that  Cd  and  Rd  correspond  to  the  electrostatic 
capacitance  (for  a  longitudinally  clamped  sample  in  the 
previous  case,  not  a  free  sample)  and  the  clamped  (or  “ex¬ 
tensive”  )  dielectric  loss  tan  5,  respectively,  and  the  compo¬ 
nents  La  and  Ca  in  a  series  resonance  circuit  are  related 
to  the  piezoelectric  motion.  For  example,  in  the  case  of 
the  longitudinal  vibration  of  the  above  rectangular  plate 
through  dai,  these  components  are  represented  approxi¬ 
mately  by 

LA  =  (p/8)(Lb/w)(sfiVd|j,  (83) 

Ca  =  (8/7r2)(Lw/b)(d^i/sfi).  (84) 


The  total  resistance  Ra(=  Rd  +  Rin)  should  correspond 
to  the  loss  tan0',  which  is  composed  of  the  extensive  me¬ 
chanical  loss  tan^  and  dielectric/piezoelectric  coupled  loss 
(tan  5  —  2tan0)  (45).  Thus,  intuitively  speaking,  Rd  and 
Rm  correspond  to  the  extensive  dielectric  and  mechanical 
losses,  respectively.  Note  that  we  introduced  an  additional 
resistance  Rd  to  explain  a  large  contribution  of  the  di¬ 
electric  loss  when  a  vibration  velocity  is  relatively  large. 
Precisely  speaking,  the  above  description  is  not  very  true. 
The  details  will  be  reported  in  a  forthcoming  paper.  In 
contrast,  the  equivalent  circuit  for  the  antiresonance  state 
of  the  same  actuator  is  shown  in  Fig.  15(b),  which  has  high 
impedance. 

C,  Losses  as  a  Function  of  Vibration  Velocity 

Fig.  16  shows  the  mechanical  Qm  vs.  basic  composition 
x  at  two  eflFective  vibration  velocities  vo  =  0.05  m/s  and 
0.5  m/s  for  Pb(ZrxTii_x)03  doped  with  2.1  at.%  of  Fe  [5]. 
The  decrease  in  mechanical  with  an  increase  of  vibra¬ 
tion  level  is  minimum  around  the  rhombohedral-tetragonal 
morphotropic  phase  boundary  (52/48).  In  other  words,  the 
smallest  Qm  material  at  a  small  vibration  level  becomes 
the  best  at  a  large  vibration  level,  and  the  data  obtained 
by  a  conventional  impedance  analyzer  with  a  small  volt- 
age/power  does  not  provide  data  relevant  to  high  power 
materials. 

Let  us  consider  the  degradation  mechanism  of  the  me¬ 
chanical  quality  factor  Qm  with  increasing  vibration  veloc¬ 
ity.  Fig.  17  shows  an  important  notion  on  heat  generation 
from  the  piezoelectric  material  [6].  The  damped  and  mo- 
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Fig.  16.  Mechanical  Qm  versus  basic  composition  x  at  two  effective 
vibration  velocities  vq  =  0.05  m/s  and  0.5  m/s  for  Pb(ZrxTii-x)03 
doped  with  2.1  at.%  of  Fe. 


Fig.  17.  Vibration  velocity  dependence  of  the  resistances  and  Rm 
in  the  equivalent  electric  circuit  for  a  PZT  sample. 


tional  resistances,  Rd  and  Rm?  in  the  equivalent  electrical 
circuit  of  a  PZT  sample  axe  separately  plotted  as  -a  func¬ 
tion  of  vibration  velocity.  Note  that  Rm?  mainly  related  to 
the  extensive  mechanical  loss,  is  insensitive  to  the  vibra¬ 
tion  velocity;  and  Rd,  related  to  the  extensive  dielectric 
loss,  increases  significantly  around  a  certain  critical  vibra¬ 
tion  velocity.  Thus,  the  resonance  loss  at  a  small  vibration 
velocity  is  mainly  determined  by  the  extensive  mechanical 
loss  which  provides  a  high  mechanical  quality  factor  Qm, 
and  with  increasing  vibration  velocity,  the  extensive  di¬ 
electric  loss  contribution  significantly  increases.  After  Rd 
exceeds  Rm,  we  started  to  observe  heat  generation. 

Tashiro  tt  ai  [7]  observed  the  heat  generation  in  a  rect¬ 
angular  piezoelectric  plate  during  a  resonating  drive.  Even 
though  the  maximum  electric  filed  is  not  very  large,  heat 
is  generated  due  to  the  large  induced  strain/stress  at  the 
resonance.  The  maximum  heat  generation  was  observed 
at  the  nodal  point  of  the  resonance  vibration,  at  which 
the  maximum  strain/stress  are  generated.  This  observa¬ 
tion  supports  that  the  heat  generation  in  a  resonating  sam¬ 
ple  is  attributed  to  the  intensive  elastic  loss  tan<^'.  This 
is  not  contradictory  to  the  result  in  Section  IV,  in  which 
a  high-voltage  was  applied  at  an  off-resonance  firequency. 
We  concluded  there  that  the  heat  is  originated  from  the 
intensive  dielectric  loss  tanJ'.  In  consideration  that  both 
the  “intensive”  dielectric  and  mechanical  losses  are  com¬ 
posed  of  the  “extensive”  dielectric  and  mechanical  losses, 
and  that  the  extensive  dielectric  loss  tan  5  changes  sig¬ 
nificantly  with  the  external  electric  field  and  stress,  the 
major  contribution  to  the  heat  generation  seems  to  come 
from  the  “extensive”  dielectric  loss.  Further  investigations 
are  needed  for  the  microscopic  explanations  of  this  phe¬ 
nomenon. 


VI.  Losses  at  Resonance  and 
Antiresonance  Modes 

A.  Losses  at  a  Piezoelectric  Antiresonance  State 

We  consider  here  the  losses  at  the  antiresonance  fre¬ 
quency  in  comparison  with  the  resonance  mode.  The  an- 
tiresbnance  mode  is  obtained  at  a  frequency  that  provides 
the  minimum  value  of  admittance  Y,  instead  of  zero  of  Y 
for  the  loss-free  case.  Taking  an  approximation  technique 
on  (72)  around  the  antiresonance  firequency  o^a,  similar  to 
the  previous  section,  we  obtain: 

Qa  =  i*^AL/2v,  Afi  =  (7  -  nA(<  1).  (85) 

If  kai  is  not  very  large,  the  following  relationship  is  ob¬ 
tained: 

Qa  =  a;AL/2v  =  (7r/2)(l  +  klO-  (86) 

In  the  following  approximation,  however,  this  relation  is 
not  used;  but  we  will  neglect  the  higher  order  of  Afl  and 
tanc^'  in  (72),  yielding  (87)  (top  of  next  page).  Taking  into 
account  (88)  and  (89)  (top  of  next  page),  where 

K|^=kl/(l-k|,).  (90) 

Then,  Y”'^^  can  be  obtained  at  Af2  =  0: 

Y™"  =  u;Cd(l/2)  tan(A'(ni  +  K§i  +  K|i)/K§i. 

(91) 

can  be  obtained  at: 

Afi  =  (l/2)flAtan^6'.  (92) 
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Y  =  ja;Cd  {1  +  (k2i/(l  -  kii))  tan[(nA  +  An)(l  -  j(l/2)  tan0')]/ 

[(Qa  +  Afi)(l  -  j(l/2)  tan0')]- 

(87) 

tan[(f2A  +  Afi)(l  —  j(l/2)  tani^')] 

~  [(^A  ~  K^jAfi  +  j(l/2)fiAtaii^^K3j]/[(— K3,  —  f2AAn)  —  jf2A(l/2)fiAta]i^^], 

(88) 

Y  =  ja;Cd(l^i  +  Kii  +  K|i)[-Afi  +  j(l/2)fiA  tan^']/ 

-  (f2i  +Kli)An+j(l/2)fiAtaa^'(fii  +  Kii)], 

(89) 

Thus,  mechanical  quality  factor  at  the  antiresonance  can 
be  obtained  as: 

Qm  =  fiA/2An  =  (tan(/>/)"^.  (93) 

Qm  at  the  antiresonance  could  be  verified  to  be  equal 
to  Qm  at  the  resonance  (=  (tan^')"^)  in  the  first  ap¬ 
proximation  neglecting  the  higher  order  terms  more  than 
(tan^')^  etc.  However,  this  result  shows  a  discrep¬ 
ancy  with  the  experimental  results  as  discussed  below.  Fur¬ 
ther  higher  order  approximation  analysis  will  be  required. 

B,  Experimental  Results 

Fig.  18  illustrates  mechanical  quality  factors,  Qa,  Qb 
and  the  temperature  rise  for  the  resonance  (A-type)  and 
the  antiresonance  (B-type)  modes  for  a  rectangular-shaped 
hard  PZT  resonator  plotted  as  a  function  of  vibration 
velocity  [6].  The  sample  size  is  indicated  in  Fig.  18 
(43  ram  x  7  mm  x  2  mm).  Note  that  an  “effective”  vibra¬ 
tion  velocity  vq  is  a  materiars  constant  independent  of  the 
sample  size,  and  it  is  defined  as  \/27rfuniax  where  f  is  the 
resonance  or  antiresonance  frequency  and  Umax  is  the  max¬ 
imum  vibration  amplitude  of  the  piezoelectric  device  [8]. 
Again  it  is  noteworthy  that  the  mechanical  quality  factor 
decreases  significantly  above  a  certain  critical  vibration  ve¬ 
locity  (0.1  m/s),  at  which  a  steep  temperature  rise  starts. 
We  have  suggested  that  the  heat  generation  is  mainly  at¬ 
tributed  to  the  extensive  dielectric  loss  rather  than  the 
mechanical  loss.  Note  also  that  Qb  is  higher  than  Qa  over 
the  entire  vibration  velocity  range,  and  that  the  temper¬ 
ature  rise  of  the  sample  is  less  for  the  B-type  resonance 
(antiresonance)  than  for  the  A-type  resonance  for  the  same 
vibration  level.  This  indicates  an  intriguing  idea  that  the 
antiresonance  mode  should  be  superior  to  the  conventional 
resonance  mode,  particularly  for  high-power  applications 
such  as  ultrasonic  motors.  In  a  typical  piezoelectric  mate¬ 
rial  with  kai  around  30%,  the  plate  edge  is  not  a  vibration 
nodal  point  and  can  generate  a  large  vibration  velocity. 
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Fig.  18.  Vibration  velocity  dependence  of  the  quality  factor  Q 
(Qaj  Qb)  and  temperature  rise  for  both  A  (resonance)  and  B  (an¬ 
tiresonance)  type  resonances  of  a  longitudinally  vibrating  PZT  ce¬ 
ramic  transducer  through  the  transverse  piezoelectric  effect  dsi. 


VII.  Conclusions 

Various  techniques  for  measuring  the  electric,  mechani¬ 
cal,  and  piezoelectric  coupling  losses  separately  have  been 
discussed: 

•  D  vs.  Ey  X  vs.  AT,  X  vs.  E  and  D  vs.  X  curves  for 
dielectric,  mechanical,  and  piezoelectric  losses, 

•  heat  generation  at  a  resonance  or  an  off-resonance  fre¬ 
quency  for  an  intensive  mechanical  or  dielectric  loss, 

•  resonance/antiresonance  technique  for  intensive  and 
extensive  mechanical  losses,  respectively. 

By  combining  the  above  methods,  we  can  investigate  the 
loss  mechanisms  in  practical  piezoelectric  materials. 

The  piezoelectric  losses  tan  0'  and  tan  6  are  not  as  small 
as  previously  believed,  but  they  are  comparable  to  the  di¬ 
electric  and  elastic  losses  in  soft  PZTs.  Also,  it  is  notewor¬ 
thy  that  the  extensive  dielectric  loss  tan  5  increases  signifi¬ 
cantly  with  an  increase  of  the  intensive  parameter,  i.e.,  the 
applied  electric  field;  and  the  extensive  elastic  loss  tan0 
is  rather  insensitive  to  the  intensive  parameter,  i.e.,  the 
applied  compressive  stress. 
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Heat  generation  is  caused  mainly  by  the  intensive  dielec¬ 
tric  loss  tan  5'  (i.e.,  P-E  hysteresis  loss)  for  an  off-resonance 
state  under  a  high-drive,  electric  field,  and  by  the  intensive 
mechanical  loss  tan^'  for  a  resonance  state.  Both  situa¬ 
tions  are  attributed  to  the  large  “extensive  dielectric  loss” 
enhanced  by  a  large  external  electric  field  or  stress.  In  or¬ 
der  to  suppress  the  temperature  rise  practically,  a  trans¬ 
ducer  design  with  larger  surface  area  is  recommended  (for 
example,  a  tube  rather  than  a  rod). 

A  significant  decrease  in  mechanical  Qm  with  an  in¬ 
crease  of  vibration  level  was  observed  in  resonant  piezo¬ 
electric  ceramic  devices,  and  the  data  obtained  by  a  con¬ 
ventional  impedance  analyzer  with  a  small  voltage/power 
do  not  provide  data  relevant  to  high-power  materials. 

Because  the  mechanical  quality  factor  Qb  at  an  an¬ 
tiresonance  frequency  is  larger  than  Qa  at  a  resonance 
frequency,  the  antiresonance  mode  seems  to  be  superior  to 
the  conventional  usage  of  the  resonance  mode,  particularly 
for  high-power  applications  such  as  ultrasonic  motors. 

Because  the  above  conclusions  were  derived  from  only  a 
limited  number  of  PZT-based  soft  and  hard  piezoelectrics, 
it  is  too  early  to  generalize  these  conclusions.  Further  in¬ 
vestigations  are  highly  required. 
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ABSTRACT 

Losses  in  piezoelectrics  are  considered  in  general  to  have  three  different  mechanisms;  dielectric, 
mechanical  and  piezoelectric  losses.  This  paper  deals  with  the  phenomenology  of  losses,  first,  then 
how  to  measure  these  losses  separately  in  experiments. 

INTRODUCTION 

Loss  or  hysteresis  in  piezoelectrics  exhibits  both  merits  and  demerits.  For  positioning  actuator 
applications,  hysteresis  in  the  field-induced  strain  provides  a  serious  problein,  and  for  resontmce 
actuation  such  as  ultrasonic  motors,  loss  generates  significant  heat  in  the  piezoelectric  materit^. 
Further,  in  consideration  of  the  resonant  strain  amplified  in  proportion  to  a  mechanical  quality 
factor,  low  (extrinsic)  mechanical  loss  materials  are  preferred  for  ultrasonic  niotors  [1-3].  On  the 
contrary,  for  force  sensors  and  acoustic  transducers,  high  mechanical  loss,  which  corresponds  to  a 
low  mechanical  quality  factor  Om,  is  essential  to  widen  a  frequency  range  for  receiving  signals. 

However,  not  much  research  effort  has  been  put  into  systematic  studies  of  the  loss  mechanisms 
in  piezoelectrics,  particularly  in  high  voltage  and  high  power  range  [4-6].  Since  not  many 
comprehensive  descriptions  can  be  found  in  previous  reports  [7],  this  paper  will  clarify  the  loss 
merhaniRTTis  in  piezoelectrics  phenomenologically,  first,  then  how  to  measure  these  losses 
separately  in  experiments. 

GENERAL  CONSIDERATION  OF  LOSS  AND  HYSTERESIS 
Extrinsic  Losses 

We  will  start  firom  the  Gibbs  free  energy  G  in  a  piezoelectric  material  expressed  by 

dG  =  -xdX-DdE-SdT,  (1) 

and 

G  =  -(l/2)sEx2-dXE-(l/2)EXeoE2  (2) 

Here,  x  is  strain,  X,  stress,  D,  electric  displacement,  E,  electric  field,  S,  enthalpy  and  T  is  temperature. 
Equation  (2)  is  the  energy  expression  in  terms  of  intensive  physical  parameters  (externally 
controllable  parameters)  X  and  E.  Terx^rature  dependence  is  carried  into  the  elastic  compliance 
s®,  the  dielectric  constant  and  the  piezoelectric  constant  d.  We  will  obtain  the  following  two 
piezoelectric  equations: 

x  =  -0G/3X)  =  sEx  +  dE,  (3) 

D  =  -  (dG/aE)  =  d  X  +  eXeo  E .  (4) 

Note  that  thermodynamical  equations  and  the  consequent  piezoelectric  equations  (Eqs.  (l)-(4)) 
cannot  yield  a  loss,  without  taking  into  account  irreversible  thermodynamic  equations  or  dissipation 
functions,  in  general.  However,  the  latter  considerations  are  mathematically  equivalent  to  the 
introduction  of  complex  physical  constants  into  the  phenomenological  equations,  if  the  loss  can  be 
treated  as  a  perturbation. 
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Therefore,  we  will  introduce  complex  parameters  E^*,  s^*,  and  d*  in  order  to  consider  the 
hysteresis  losses  in  electric,  elastic  and  piezoelectric  coupling  energy : 

fiX*  -  eX(i  _  j  tan  8’),  (5) 

sE*  =  sE(i.jtan<t)’).  (6) 

d*  =  d(l -j  tane’).  (7) 

Note  that  the  negative  cormection  in  Eqs.  (5)-(7)  come  from  the  time  “delay.”  0’  is  the  phase 
delay  of  the  strain  under  an  applied  electric  field,  or  the  phase  delay  of  the  electric  displacement 
under  an  applied  stress.  Both  delay  phases  should  be  exactly  the  same  if  we  introduce  the  sams 

complex  piezoelectric  constant  d*  into  Eqs.(3)  and  (4).  5’  is  the  phase  delay  of  the  electric 
displacement  to  an  tqjplied  electric  field  under  a  constant  stress  (i.e.,  zero  stress)  condition,  and  <|)’  is 
the  phpe  delay  of  the  strain  to  an  applied  stress  under  a  constant  electric  field  (i.e.,  short-circuit) 
condition.  We  will  consider  these  phase  delays  as  "extrinsic"  losses. 

Figures  1(a)  -  1(d)  correspond  to  the  model  hysteresis  curves  for  practical  experiments:  D  vs.  E 
curve  under  a  stress-free  condition,  x  vs.  X  under  a  short-circuit  condition,  x  vs.  E  under  a  stress- 
free  condition  and  D  vs.  X  under  an  open-circuit  condition  for  measuring  charge  (or  under  a  short- 
circuit  condition  for  measuring  current),  respectively. 

The  stored  energies  and  hysteresis  losses  for  pure  electrical  and  mechanical  energif^s  can  be 
calculated  as: 


Ue  =  (l/2)£X£oEo2.  (g) 

We  =  71  eXeo  Eq^  tan  5’ ;  (9) 

Uin  =  (l/2)sExo2.  (10) 

wm  =  JC  sE  Xo^  tan  (|)’ .  (1 1) 


The  electromechanical  loss,  when  measuring  the  induced  strain  under  an  electric  fiplH,  is  more 
complicated,  because  the  field  vs.  strain  domain  cannot  be  used  for  direcdy  calculating  the  energy. 
Let  us  calculate  the  stored  energy  Uem  during  a  quarter  electric  field  cycle  (i.e.,  0  to  Eq)  ,  first : 


Fig.l  (a)  D  vs.  E  (stress  free),  (b)  x  vs.  X  (short-circuit),  (c)  x  vs.  E  (stress  free)  and 
(d)  D  vs.  X  (open-circuit)  curves  with  a  slight  hysteresis  in  each  relation. 
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Uem  =  - 1 X  dX  =  (1/2)  (xo2/sE)  =  (1/2)  (dEo)2/sE 

=  (1/2)  (d2/sE)Eo2  (12) 

Replacing  d  and  sE  by  d*  =  d  (1  -  j  tan  0’)  and  sE*  =  sE(l  -  j  tan  we  obtain 

Uem  =  (l/2)(d2/sE)Eo2  ^  -  '  (13) 

and 

wem  =  JC  (d2/  sE)  Eo^  (2  tanS’  -  (14) 

Note  that  the  strain  vs.  electric  field  measurement  seems  to  provide  the  piezoelectric  loss  tan0’ 
directly,  however,  the  observed  loss  should  include  an  additional  elastic  loss  because  the  strain 
should  be  delayed  to  the  initial  stress,  which  is  needed  to  calculate  energy. 

Similarly,  when  we  measure  the  induced  charge  under  stress,  the  stored  energy  Ume  and  the 
hysteresis  loss  Wme  during  a  quarter  and  a  full  stress  cycle,  respectively,  are  obtained  as 

Ume  =  (1/2)  (d2/  eoE^)  Xq^,  (15) 

and 

Wme  =  ic  (d2/  £0e^)  Xo2  (2  tan0’  -  tanS’).  (16) 

Hence,  firam  the  measurements  of  D  vs.  E  and  x  vs.  X,  we  obtain  tan6’  and  tan(t»’,  respectively, 
and  either  the  piezoelectric  (D  vs.  X)  or  converse  piezoelectric  measurement  (x  vs.  E)  provides  tan 
0’  through  a  numerical  subtraction. 

Intrinsic  Losses 

So  far,  we  discussed  the  “extrinsic”  electric,  mechanical  and  piezoelectric  losses.  In  order  to 
consider  real  physical  meanings  of  the  losses,  we  will  introduce  the  “intrinsic”  losses.  >^^en  we 
start  firom  the  energy  expression  in  terms  of  extensive  physical  parameters  (material’s  intrinsic 


parameters)  x  and  D,  that  is, 

dA  =  Xdx  +  EdD-SdT,  (17) 

we  can  obtain  the  piezoelectric  equations  as  follows: 

X  =  (3A/ax)  =  cI>x-hD,  (18) 

E  =  (dAJBD)  =  -  h  X  +  kXko  D  .  (19) 

We  introduce  the  intrinsic  electric,  mechanical  and  piezoelectric  losses  as 

kX*  =  kX  (1  +  j  tan  5),  (20) 

cD*scl^(l +j  tan(|)),  (21) 

h*  =  h(l+jtan0).  (22) 


It  is  notable  that  the  permittivity  under  a  constant  strain  (i.  e.,  zero  strain  or  completely  clamped) 
condition,  e**  and  the  elastic  corr^iance  under  a  constant  electric  displacement  (i.  e.,  open-circuit) 
condition,  sl^*  can  be  provided  as  an  inverse  value  of  kX*  and  cl^*,  respectively.  Thus,  using  the 
exactly  the  same  losses  in  Eqs.  (20)  and  (21), 

£X*-eX(i  -jtanS), 
gD*  =  sD(i .  j  tan  <[>), 

We  will  consider  these  phase  delays  again  as  "intrinsic"  losses. 


(23) 

(24) 


Here,  we  consider  the  physical  property  difference  between  the  boundary  conditions;  E  constant 
and  D  constant,  or  X  constant  and  x  constant  When  an  eieciic  field  is  applied  on  a  pie2X3electric 
sample  as  illustrated  in  the  top  of  Fig.  2,  this  state  will  be  equivalent  to  the  superposition  of  the 
following  two  steps:  first,  the  sample  is  completely  clamped  and  the  field  Eq  is  applied  (pure 

electrical  energy  (1/2)  e^eo  ’Efp-  is  input);  second,  keeping  the  field  at  EQ,  the  mechanical  constraint 
is  released  (additional  mechanical  energy  (1/2)  (d2/sE)  Ecp-  is  necessary).  The  total  energy  should 
correspond  to  the  total  input  electrical  energy  (1/2)  E^eo  Eo2;  thus,  we  obtain  the  relation, 

eqe^  =  EQE^  +  (d^/s^),  (25) 

Similarly,  fix)m  the  bottom  of  Fig.  2, 


sE  =  sD  +  (d^/egeX). 

Hence,  we  obtain  the  following  equations: 

e*  /eX  =:  (1  -  k2), 
sD/sE  =  (i.k2), 

where 


(26) 

(27) 

(28) 


k2  =  d2/(sE  EOfiX). 


(29) 
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inverse  field 
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Fig.  2  Conceptual  figure  for  explaining  the  relation  between  eX  and  £^,  sE  and  sE>, 
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Similarly, 


KX/KX  =  (l-k2),  (30) 

cE/cD=  (i-k2),  (31) 

where 

k2  =  h2/(cDKXK0).  (32) 


This  k  is  called  the  electromechanical  coupling  factor,  and  is  the  same  as  the  k  in  Eq.  (29),  because 
the  equation  d2/(sE  eoe^)  =  h2/(cl^  k^kq)  can  be  verified  mathematically.  We  define  the  k  as  a 
real  number  in  this  manuscript. 

In  order  to  obtain  the  relationships  between  the  extrinsic  and  intrinsic  losses,  the  following  three 
equations  are  essential: 

eoe^  ss  [k^ko  ( 1  -  h2/(cE>  k^kq))]*!,  (33) 

sE  =  [cD  ( 1  -  h2/(cD  K^KO))]-^,  (34) 

d  =  [h2/(cD  kXko)]  [h  (1  -  h2/(cD  k^kq))]  -1.  (35) 


Replacing  the  parameters  in  Eqs.  (33)  -  (35)  by  the  conplex  parameters  in  Eqs.  (5)  -  (7),  (20)  - 
(22),  we  obtain  the  relationships  between  the  extrinsic  and  intrinsic  losses: 

tan  6'=  (1/(1  -  k2))[tan  5  +  k2(tan  (|)  -  2  tan  9)],  (36) 

tan  <ti'=  (1/(1  -  k2))[tan  (j)  +  k2(tan  8  -  2  tan  9)],  (37) 

tan  9'=  (1/(1  -  k2))[tan  5  +  tan  <|)  +  (1  +k2)  tan  9],  (38) 


where  k  is  the  electromechanical  coupling  factor  defined  by  either  ]^.  (29)  or  Eq.  (32),  and  here  as 
a  real  number.  It  is  important  that  the  extrinsic  dielectric  and  elastic  losses  are  mutu^y  correlated 
with  the  intrinsic  dielectric,  elastic  and  piezoelectric  losses  through  the  electromechanical  coupling 

k2,  and  that  the  denominator  (1  -  k2)  comes  basically  from  the  ratios,  /e^  =  (1  -  k2)  and  s^/sE  = 
(1  -  k2),  and  this  real  part  reflects  to  the  dissipation  factor  when  the  imaginary  part  is  devided  by  the 
real  part 

EXPERIMENTAL  RESULTS 

Figure  3  shows  “extrinsic”  dissipation  factors  determined  from  (a)  D  vs.  E  (stress  fiee),  (b)  x 
vs.  X  (short-circuit),  (c)  x  vs.  E  (stress  free)  and  (d)  D  vs.  X  (open-circuit)  curves  for  a  PZT  based 
soft  multilayer  actuator.  Figure  4  shows  the  result  for  the  piezoelectric  loss  tan9’.  We  used  the 

correlation  factor  between  electric  field  and  compressive  stress  given  averagely  .by  X  =  (EQe^/sE)!^ 
E. 

From  Figs.  3  and  4,  we  can  calculate  the  “intrinsic”  losses  as  shown  in  Fig.  5.  Note  that  the 
piezoelectric  losses  tan9’  and  tan9  are  not  so  small  as  previously  believed,  but  comparable  to  the 
dielectric  and  elastic  losses,  and  increase  gradually  with  the  field  or  stress.  The  experimental  details 
will  be  reported  in  the  successive  papers. 

When  similar  measurements  to  Figs.  1(a)  and  l.(b),  but  under  constrained  conditions;  that  is,  D 
vs.  E  under  a  completely  clamped  state,  and  x  vs.  X  under  an  open-circuit  state,  respectively,  we  can 
expect  smaller  hystereses;  that  is,  intrinsic  losses,  tan6  and  tan<j).  These  measurements  seem  to  be 
alternative  methods  to  determine  the  three  losses  separately,  however,  they  are  rather  difficult  in 
practice. 
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Fig.3  Dissipation  factors  determined  from  (a)  D  vs.  E  (stress  ftee),  (b)  x  vs.  X  (short-circuit),  (c)  x 
vs.  E  (stress  fi:ee)  and  (d)  D  vs.  X  (open-circuit)  curves  for  a  PZT  based  actuator. 


Electric  Field  (kV/mm) 


14  16  18  20  22  24  26  28  30 


Compressive  Stress  (MPa) 

Fig.4  Extrinsic  piezoelectric  dissipation  factor  tan0’  as  a  function  of  electric  field  or  compressive 

stress,  measured  for  a  PZT  based  actuator. 
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Electric  Field  (kV/mm) 


Fig.5  Intrinsic  loss  factors,  tanS,  tan<|),  and  tan0  as  a  function  of  electric  field  or  compressive  stress, 

measured  for  a  PZT  based  actuator. 


CONCLUSIONS 

Theoretical  and  experimental  techniques  for  measuring  die  extrinsic  and  intrinsic  electric, 
mechanical  and  piezoelectric  coupling  losses  sep^tely  have  been  discussed.  We  found  that  the 
piezoelectric  loss  is  not  so  small  as  believed  by  Ae  previous  researchers. 

This  research  was  sponsored  by  the  Office  of  Naval  Research  through  the  MURI  program. 
Grant  No.  N00014-96-1-1 173. 
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ABSTRACT 

Losses  in  piezoelectrics  are  considered  in  general  to  have  three  different  mechanisms;  dielectric, 
mechanical  and  piezoelectric  losses.  This  paper  deals  with  the  phenomenology  of  losses,  first, 
then  how  to  measure  these  losses  separately  in  experiments.  We  found  that  heat  generation  is 
caused  mainly  by  dielectric  loss  tan  5’  (i.  e.  P-E  hysteresis  loss),  not  by  mechanical  loss,  and  that 
a  dramatical  decrease  in  mechanical  Qm  with  an  increase  of  vibration  level  was  observed  in 
resonant  piezoelectric  ceramic  devices,  which  is  due  to  an  increase  in  the  intrinsic  dielectric  loss, 
not  in  the  intrinsic  mechanical  loss.  Finally,  we  propose  the  usage  of  the  antiresonance  mode 
rather  than  the  conventional  resonance  mode,  particularly  for  high  power  applications,  since  the 
mechanical  quality  factor  Qb  at  an  antiresonance  frequency  is  larger  than  Qa  at  a  resonance 
frequency. 

INTRODUCTION 

Loss  or  hysteresis  in  piezoelectrics  exhibits  both  merits  and  demerits.  For  positioning 
actuator  applications,  hysteresis  in  the  field-induced  strain  provides  a  serious  problem,  and  for 
resonance  actuation  such  as  ultrasonic  motors,  loss  generates  significant  heat  in  the  piezoelectric 
materials.  Further,  in  consideration  of  the  resonant  strain  amplified  in  proportion  to  a  mechanical 
quality  factor,  low  (extrinsic)  mechanical  loss  materials  are  preferred  for  ultrasonic  motors.  On  the 
contrary,  for  force  sensors  and  acoustic  transducers,  high  mechanical  loss,  which  corresponds  to  a 
low  mechanical  quality  factor  Qjn»  is  essential  to  widen  a  frequency  range  for  receiving  signals. 

However,  not  much  research  effort  has  been  put  into  systematic  studies  of  the  loss 
mechanisms  in  piezoelectrics,  particularly  in  high  voltage  and  high  power  range.  Since  not  many 
comprehensive  descriptions  can  be  found  in  previous  reports,  this  paper  will  clarify  the  loss 
mechanisms  in  piezoelectrics  phenomenologically,  describe  heat  generation  processes  and  high 
power  characteristics,  and , finally,  discuss  the  resonance  and  antiresonance  vibration  modes  from  a 
viewpoint  of  a  quality  factor. 

LOSS  AND  HYSTERESIS  IN  THE  POLARIZATION  CURVE 
Relation  between  Hysteresis  and  Dissipation  Factor 

Let  us  start  with  loss  and  hysteresis  in  the  electric  displacement  D  (nearly  equal  to  polarization 
P)  vs.  electric  field  E  curve  without  considering  the  electromechanical  coupling.  Figure  1  shows 
an  example  P-E  hysteresis  curve.  When  the  D  (or  P)  traces  a  different  line  with  increased  and 
decreased  applied  electric  field  E,  it  is  called  hysteresis. 

To  the  extent  authorized  under  the  laws  of  the  United  States  of  America,  all  copyright  interests  in  this  publication  are  the  property 
of  The  American  Ceramic  Society.  Any  duplication,  reproduction,  or  republication  of  this  publication  or  any  part  thereof,  without 
the  express  written  consent  of  The  American  Ceramic  Sodety  or  fee  paid  to  the  Copyright  Clearance  Center,  is  prohibited. 
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When  the  hysteresis  is  not  very  large,  the  electric  displacement  D  can  be  expressed  by  using  a 
slight  phase  lag  to  the  applied  electric  field.  Assuming  that  the  electric  field  oscillates  at  a 
frequency  f  (=  oa/Ztc)  as 

E=^  =  Eoej®t,  (1) 

the  induced  electric  displacement  oscillates  also  at  the  same  frequency  under  the  steady  state,  but 
with  some  time  phase  delay  5: 


D*  =  Do  ei(“‘-5). 


(2) 


If  we  express  the  relation  between  D*  and  E*  as 

D  =e  sqE  ,  (3) 

where  the  complex  dielectric  constant  £*  is 

e  =e  -  je  ,  (4) 

and  where 

e'V  e'  =  tan  8  .  (5) 

Note  that  the  negative  connection  in  Eq.(4)  comes  from  the  time  "delay",  and  that  e'eo  =  (Dc/Eq) 
cos  5  and  £  "£0=  (Dq/Eq)  sin  6 . 


The  area  We  corresponds  to  the  consumed  loss  energy  during  an  electric  field  cycle  per  unit  volume 

of  the  dielectrics,  and  can  be  related  in  isotropic  dielectrics  with  e”  or  tan  5  as  follows; 

ZkIco 

We  =  -jDdE  =  -i  D  (dE/dt)  dt  (6) 

0 

Substituting  the  real  parts  in  Eqs.(l)  and  (2)  into  Eq.(6), 

271/ CO 

We  =  1  Do  cos(a)t-S)  (Eo  oo  sincot)  dt 
0 
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(7) 


Or 


271/00 

=  Eo  Do  CO  sin  5  \  sin^cot  dt  =  Ji  Eq  Dq  sin  8 
0 


Wg  =  7t  e'eo  Eq^  =  n  eeq  Eq^  tan  8  (8) 

When  there  is  no  phase  delay  (8  =  0),  Wg  =  0;  i.  e.  the  electrostatic  energy  stored  in  the^ 
dielectric  will  be  recovered  completely  after  a  full  cycle  (100%  efficiency).  However,  when  there  is 
a  phase  delay,  the  loss  Wg  will  be  accompanied  per  cycle,  and  the  dielectric  material  generates  heat. 
The  tan  8  is  called  dissipation  factor,  and  its  inverse  value  Q  =  l/tanS  is  called  electrical  quality 
factor. 

In  consideration  of  the  stored  electrostatic  energy  during  a  half  cycle  from  -  Eq  to  Eq  (=  4  Ug, 
which  is  illustrated  as  an  area  in  Fig.  1)  provided  by 

4Ue  =  (l/2)(2Eo)(2Docos8) 

=  2EoDo.  (9) 

the  dissipation  factor  tan  8  can  be  experimentally  obtained  by 

tan  8  =  ( l/2jt)  (wg  /  Ug).  (10) 

Note  that  Wg  is  the  hysteresis  in  a  full  cycle  and  Ug  is  the  stored  energy  in  a  quarter  of  cycle. 

Temperamre.  Electric  Field  and  Frequency  Dependence  of  P-E  Hysteresis 

Figures  2, 3  and  4  show  temperature,  electric  field  and  frequency  depjendence  of  the  dissipation 
factor  tan  8’  calculated  from  the  P-E  hysteresis  loss  measured  under  stress  free  condition  for  a  PZT- 

based  ceramic.^)  The  loss  tan  8’  decreases  gradually  with  increasing  temperature,  but  is  rather 
insensitive  to  frequency.  On  the  contrary,  the  tan  8’  increases  initially  in  proportion  to  the  ^lied 
electric  field,  exhibiting  a  saturation  above  a  certain  electric  field.  The  value  for  E  =  0  (solid 
traangle  mark  in  the  figure)  was  obtained  with  an  impedance  analyzer. 


Fig.2  Loss  tan  8’  as  a  function  of  sample  temperature  (3  kV/mm,  300  Hz). 
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Fig.3  Loss  tan  8’  as  a  function  of  electric  field  (T  =  250C,  f  =  300  Hz). 
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Fig.4  Loss  tan  5’  as  a  funtion  of  frequency  (T  =  25°C,  E  =  2  kV/mm). 

GENERAL  CONSIDERATION  OF  LOSS  AND  HYSTERESIS 

Let  us  expand  the  above  discussion  into  more  general  cases;  i.e.,  piezoelectric  materials.  We 
will  start  from  the  Gibbs  free  energy  G  expressed  by 


or 


dG  =  -xdX-DdE-SdT, 


G  =  -  (1/2)  sE  x2  -  d  X  E  -  (1/2)  E^eo  e2. 


(11) 

(12) 


Here,  x  is  strain.  X,  stress,  D,  electric  displacement,  E,  electric  field,  S,  enthalpy  and  T  is 
temperature.  Temperature  dependence  is  carried  into  the  elastic  compliance  s^,  the  dielectric 
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constant  and  the  piezoelectric  constant  d.  We  will  obtain  the  following  two  piezoelectric 
equations: 

x  =  -(aG/aX)  =  sEx  +  dE,  (13) 

D  =  -(3G/aE)  =  dX  +  eXeoE.  (14) 

Thermodynamical  equations  and  the  consequent  piezoelectric  equations  (Eqs.  (11)-(14))  cannot  yield 
a  delay-time  related  loss,  without  taking  into  account  irreversible  thermodynamic  equations  or 
dissipation  functions.  However,  the  latter  considerations  are  mathematically  equivalent  to  the 
introduction  of  complex  physical  constants  into  the  phenomenological  equations. 

Therefore,  we  will  introduce  complex  parameters  8**,  s^*,  e^*,  s^*  and  d*  in  order  to 
consider  the  hysteresis  losses  in  electric,  elastic  and  piezoelectric  coupling  energy  : 


gX*  _  £X(i  .  j  tan  5), 

(15) 

gX*  _  gX(i  .  j  tan  5'). 

(16) 

sD*  _  sD(i .  j  tan  (|(), 

(17) 

sE*  =  s'^(l  -  j  tan  (])'), 

(18) 

d*  =  d(l  -  j  tan  0). 

(19) 

6  is  the  phase  delay  of  the  strain  under  an  applied  electric  field,  or  the  phase  delay  of  the  electric 
displacement  under  an  applied  stress.  Both  delay  phases  should  be  exactly  the  same  if  we  introduce 

the  same  complex  piezoelectric  constant  d*  into  Eqs.(13)  and  (14).  5  is  the  phase  delay  of  the 
electric  displacement  to  an  applied  electric  field  under  a  constant  strain  (i.e.,  zero  strain  or 
completely  clamped)  condition,  and  (j)  is  the  phase  delay  of  the  strain  to  an  applied  stress  under  a 
constant  electric  displacement  (i.e.,  open-circuit)  condition.  We  will  consider  these  phase  delays  as 

"intrinsic"  losses.  With  this  assumption,  we  can  calculate  the  dissipation  factors  for 

(permittivity  measured  under  constant  stress)  and  s^*  (elastic  compliance  measured  under  constant 
electric  filed)  which  correspond  to  "extrinsic"  losses.  When  an  elecric  field  is  applied  on  a 
piezoelectric  sample  as  illustrated  in  the  top  of  Fig.  5,  this  state  will  be  equivalent  to  the 
superposition  of  the  following  two  steps:  first,  the  sample  is  completely  clamped  and  the  field  Eq 

is  implied  (pure  electrical  energy  (1^)  e*eo  Eq^  is  input);  second,  keeping  the  field  at  Eq,  the 
mechanical  constraint  is  released  (additional  mechanical  energy  (1/2)  (d^/s^)  Eq^  is  necessary). 
The  total  energy  should  correspond  to  the  total  input  electrical  energy  (1/2)  E^EQ  Eq^;  thus,  we 
obtain  the  relation, 

Eqe^  =  EOS*  +  (d^/s^),  (20) 

Similarly,  from  the  bottom  of  Fig.  5, 

+  (d^/EQE^).  (21) 

Replacing  e^,  E*,  s^,  s^^,  d  in  Eqs.  (20)  and  (21)  by  the  complex  parameters  in  Eqs.  (15)  - 
(19),  we  obtain : 
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(22) 


eX/ex  =  1/(1  -k2), 

sE/sD  =  1/(1 .  k2)_ 

tan  5'=  (1/(1  +  k2))[tan  5  +  k2(2  tan  0  -  tan  (|))], 

tan  (])'=  (1/(1  +  k2))[tan  (j)  +  k2(2  tan  9  -  tan  8)], 
where 


(23) 

(24) 

(25) 


k2  =  d2/(sE  £QeX).  ^26) 

This  k  is  called  the  electromechanical  coupling  factor,  and  defined  here  as  a  real  number.  It  is 
important  that  the  extrinsic  dielectric  and  elastic  losses  are  mutually  correlated  with  the  intrinsic 

dielectric,  elastic  and  piezoelectric  losses  through  the  electromechanical  coupling  k^,  and  that  the 

denominator  (1  +  k^)  comes  basically  Irom  the  e^/  ratio  and  this  real  part  reflects  to  the 
dissipation  factor  when  the  imaginary  part  is  devided  by  the  real  part.  Also  note  that  depending  on 

the  vibration  mode,  the  definition  of  electromechanical  coupling  k  can  be  changed  such  as  k^  = 
d2/(sD  eoe^). 


Total  Input 
Electrical  Energy 
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Fig.  5  Conceptual  figure  for  explaining  the  relation  between  and  e^,  and  s^. 


84 


Electronic  Ceramic  Materials  and  Devices 


Figures  6(a)  -  6(d)  correspond  to  the  model  hysteresis  curves  for  practical  experiments:  D  vs.  E 
curve  under  a  stress-free  condition,  x  vs.  X  under  a  short-circuit  condition,  x  vs.  E  under  a  stress- 
free  condition  and  D  vs.  X  under  an  open-circuit  condition  for  measuring  charge  (or  under  a  short- 
circuit  condition  for  measuring  current),  respectively. 

In  a  similar  fashion  to  the  previous  section,  the  stored  energies  and  hysteresis  losses  for  pure 
electrical  and  mechanical  energies  can  be  calculated  as: 


Ue  =  (l/2)eXeoEo2, 

(27) 

Wg  =  Jt  £^£0  Eo^  tan  5’  , 

(28) 

Un,  =  (l/2)sExo2, 

(29) 

Wm  =  7t  s^  X(p-  tan  . 

(30) 

The  electromechanical  loss,  when  measuring  the  induced  strain  under  an  electric  field,  is  more 
complicated.  Let  us  calculate  the  stored  energy  Ugm  during  a  quarter  electric  field  cycle  (i.e.,  0  to 

Eo) .  first : 

Uem  =  -  i  X  dX  =  (1/2)  (xo^/s^)  =  (1/2)  (dEo)2/sE 

=  (1/2)  (d2/sE)Eo2 

(31) 

Replacing  d  and  s^  by  d*  =  d(l  -  j  tan  0)  and  s^*  =  s®(l  -  j  tan  <|i),  we  obtain 

Uem  =  (l/2)(d2/sE)Eo2 
and 

Wgm  =  It  s^)  (2  tan0  -  tantj)’). 


(32) 

(33) 


Fig.6  (a)  D  vs.  E  (stress  free),  (b)  x  vs.  X  (short-circuit),  (c)  x  vs.  E  (stress  free)  and 
(d)  D  vs.  X  (open-circuit)  curves  with  a  slight  hysteresis  in  each  relation. 
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2tatid  -  tan 


Note  that  the  strain  vs.  electric  field  measurement  seems  to  provide  the  piezoelectric  loss  tanG 
directly,  however,  the  observed  loss  should  include  an  additional  elastic  loss  because  the  strain 
should  be  delayed  to  the  initial  stress,  which  is  needed  to  calculate  energy. 

Similarly,  when  we  measure  the  induced  charge  under  stress,  the  stored  energy  Ume  and  the 
hysteresis  loss  Wme  during  a  quarter  and  a  full  stress  cycle,  respectively,  are  obtained  as 

Ume  =  (l/2)  (d2/eoeX)Xo2 
and 

wme  =  It  (d2/  ege^)  Xg^  (2  tanG  -  tan5’) 

Hence,  from  the  measurements  of  D  vs.  E  and  x  vs.  X,  we  obtain  tan5’  and  tan<ti’, 
respectively,  and  either  the  piezoelectric  (D  vs.  X)  or  converse  piezoelectric  measurement  (x  vs.  E) 
provides  tan  G  through  a  numerical  subtracdon. 


(34) 
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Fig.7  Dissipation  factors  determined  from  (a)  D  vs.  E  (stress  free),  (b)  x  vs.  X  (short-circuit),  (c) 
X  vs.  E  (stress  free)  and  (d)  D  vs.  X  (open-circuit)  curves  for  a  PZT  based  actuator. 
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Electric  Field  (kV/mm) 


Fig.8  Piezoelectric  dissipation  factor  tan0  as  a  function  of  electric  field  or  compressive  stress, 

measured  for  a  PZT  based  actuator. 


Figure  7  shows  dissipation  factors  determined  from  (a)  D  vs.  E  (stress  free),  (b)  x  vs.  X  (short- 
circuit),  (c)  X  vs.  E  (stress  free)  and  (d)  D  vs.  X  (open-circuit)  curves  for  a  PZT  based  actuator. 
Figure  8  shows  the  result  for  the  piezoelectric  loss  tan6.  We  used  the  correlation  factor  between 

electric  field  and  compressive  stress  given  averagely  by  X  =  (EQe^/s®)^^^  E.  Note  that  the 
piezoelectric  loss  tan0  is  not  so  small  as  previously  believed,  but  comparable  to  the  dielectric  or 
elastic  loss,  and  is  insensitive  to  the  field  or  stress.  The  experimental  details  will  be  reported  in 
the  successive  papers. 

When  similar  measurements  to  Figs.  6(a)  and  6.(b),  but  under  constrained  conditions;  that  is, 
D  vs.  E  under  a  completely  clamped  state,  and  x  vs.  X  under  an  open-circuit  state,  respectively,  we 
can  expect  smaller  hystereses;  that  is,  intrinsic  losses,  tanS  and  tan(t).  These  measurements  are 
alternative  methods  to  determine  the  three  losses  separately. 

LOSS  AND  HEAT  GENERATION 

Heat  genration  in  various  types  of  PZT-based  actuators  has  been  studied  under  a  relatively 
large  electric  field  applied  (1  kV/mm  or  more)  at  an  off-resonance  jfrequency,  and  a  simple 
analytical  method  was  established  to  evaluate  the  temperature  rise,  which  is  very  useful  for  the 
design  of  piezoelectric  high-power  actuators. 

Zheng  et  al.  reported  the  heat  generation  from  various  sizes  of  multilayer  type  piezoelectric 

ceramic  actuators.^)  Figure  9  shows  the  temperature  change  in  the  actuators  when  driven  at  3 
kV/mm  and  300  Hz,  and  Fig.  10  plots  the  saturated  temperature  as  a  function  of  Ve/A,  where  Ve 
is  the  effective  volume  (electrode  overlapped  part)  and  A  is  the  surface  area.  This  linear  relation  is 
reasonable  because  the  volume  Ve  generates  the  heat  and  this  heat  is  dissipated  through  the  area  A. 
Thus,  if  we  need  to  suppress  the  temperature  rise,  a  sniall  Ve/A  design  is  preferred. 

According  to  the  law  of  energy  conservation,  the  rate  of  heat  storage  in  the  piezoelectric 
resulting  from  heat  generation  and  dissipation  effects  can  be  expressed  as 

qg "  Qout  =  V  p  c  (dT/dt),  (36) 


Electronic  Ceramic  Materials  and  Devices 


87 


Fig.9 


Temperature  rise  for  various  actuators  while  driven  at  300  Hz  and  3  kV/mm. 


Fig.  10  Temperature  rise  versus  Ve/A  (3  kV/mm,  300  Hz),  where  Vg  is  the  effective  volume 
generating  the  heat  and  A  is  the  surface  area  dissipating  the  heat. 


assuming  uniform  temperature  distribution  in  the  sample.  V,  p,  c  are  total  volume,  density  and 
specific  heat,  respectively.  The  heat  generation  is  considered  to  be  caused  by  losses.  Thus,  the 
rate  of  heat  generation  (qg)  in  the  piezoelectric  can  be  expressed  as 

qg  =  ufVe,  (37) 

where  u  is  the  loss  of  the  sample  per  driving  cycle  per  unit  volume,  f,  the  driving  frequency,  and 
Ve  is  the  effective  volume  where  the  ceramic  is  activated.  According  to  the  measuring  condition. 
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this  u  corresponds  to  we  of  Eq.  (28),  which  consists  of  the  intrinsic  electrical  loss  tan  8  and  the 
electromechanical  loss  (2  tan0  -  tan(j)’)  in  the  previous  section: 

u  =  We  =  7t  e^eo  tan  5’ 

=  (1/(1  +  k2))[tan  5  + k^(2  tan  0  -  tan  (]))]  Jt  e^SQ  Eq^.  (38) 

Note  that  we  do  not  need  to  add  Wem  explicitly,  because  the  corresponding  electromechanical  loss 
is  already  included  implicitly  in  We- 

When  we  neglect  the  conduction  heat  transfer,  the  rate  of  heat  dissipation  (qout)  front  the 
sample  is  the  sum  of  the  rates  of  heat  flow  by  radiation  (qr)  and  convection  (qc): 

qout  =  Or  +  00 

=  aeA(T4-To4)  +  hcA(T-To).  (39) 

where  o  is  the  Stehan-Boltzmann  constant,  e  is  the  emissivity  of  the  sample,  hg  is  the  average 
convective  heat  transfer  coefficient,  and  A  is  the  sample  surface  area. 

Thus,  Eq.(36)  can  be  written  in  the  form: 

ufV-Ak(T)(T-To)  =  Vpc(dT/dt),  (40) 

where 

k(T)  =  ae(T2  +  To2)(T  +  To)  +  hc  (41) 

is  defined  as  the  overall  heat  transfer  coefficient.  If  we  assume  that  k(T)  is  relatively  insensitive  to 
temperature  change,  the  solution  to  Eq.(40)  for  the  piezoelectric  sample  temperature  is  given  as  a 
function  of  time  (t): 

T  -  To  =  [u  f  Ve/  kCD  A]  [1  -  (42) 

where  the  time  constant  x  is  expressed  as 

T  =  pcV/k(T)A.  (43) 

As  t  -->  eo ,  the  maximum  temperamre  rise  in  the  sample  becomes 

AT  =  ufVe/k(T)A.  (44) 

As  t  -->  0 ,  the  initial  rate  of  temperature  rise  is 

(dT/dt)  =  u  f Ve/p  c  V  =  AT/t  .  (45) 

Figures  1 1  and  12  show  the  dependence  of  k(T)  on  applied  electric  field  and  fiequency.  Since  k(T) 
is  not  really  constant,  we  can  calculate  the  total  loss  u  of  the  piezoelectric  through  Eq.(45).  The 
calculated  results  are  shown  in  Table  I.  The  experimental  date  of  P-E  hysteresis  losses  under  a 
stress-free  condition  are  also  listed  for  comparison.  It  is  seen  that  the  P-E  hysteresis  extrinsic  loss 
agrees  well  with  the  total  loss  contributing  to  the  heat  generation. 
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Fig.l  1  k(T)  as  a  function  of  applied  electric  field  (400  Hz,  data  from  the  actuator  with  dimensions 

of  7  mm  X  7  mm  x  2  mm). 
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Fig.  12  Overall  heat  transfer  coefficient  k(T)  as  a  function  of  frequency. 


Table  I  Loss  and  overall  heat  transfer  coefficient  for  PZT  multilayer  samples 
(E  =  3  kV/mm,  f  =  300  Hz). 


Actuator 

4.5x3.5x2  mm 

7x7x2  mm 

17x3.5x1  mm 

Total  loss  (xlO^J/m^) 

u  =  P^<iT) 
fVe^dtV>o 

19.2 

19.9 

19.7 

P-E  hysteresis  loss  (xlO^J/m^) 

18.5 

17.8 

17.4 

k(T)  (W/m^K) 

38.4 

39.2 

34.1 
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LOSSES  AT  A  PIEZOELECTRIC  RESONANCE 

So  far,  we  have  considered  the  losses  for  a  quasi-static  or  off-resonance  state.  Problems  in 
ultrasonic  motors  which  are  driven  at  the  resonance  frequency  include  significant  distortion  of  the 
admittance  frequency  spectrum  due  to  nonlinear  behavior  of  elastic  compliance  at  a  high  vibration 
amplitude,  and  heat  generation  which  causes  a  serious  degradation  of  the  motor  characteristics 
through  depoling  of  the  piezoceramic.  Therefore,  the  ultrasonic  motor  requires  a  very  hard  type 
piezoelectric  with  a  high  mechanical  quality  factor  Q,  leading  to  the  suppression  of  heat 
generation.  It  is  also  notable  that  the  actual  mechanical  vibration  amplitude  at  the  resonance 
frequency  is  directly  proportional  to  this  Q  value. 

T.os.se.s  at  a  Piezoelectric  Resonance 

Piezoelectric  resonance  without  loss 

Let  us  consider  the  longitudinal  mechanical  vibration  of  a  piezo-ceramic  plate  through  the 
transverse  piezoelectric  effect  (dsi)  as  shown  in  Fig.  13.  Assuming  that  the  polarization  is  in  the 
z-direction  and  x-y  planes  are  the  planes  of  the  electrodes,  the  extentional  vibration  in  the  x 
direction  is  represented  by  the  following  dynamic  equation  : 

(a^u/a  t2) = F = (axn/ax)  +  (axi2/3y)  +  (SXis/az).  (46) 

where  u  is  the  displacement  of  the  small  volume  element  in  the  ceramic  plate  in  the  x-direction. 
When  the  plate  is  very  long  and  thin,  X2  and  X3  may  be  set  equal  to  zero  through  the  plate,  and 

the  relations  between  stress,  electric  field  (only  exists)  and  the  induced  strain  are  given  by : 

Xj  =  xj/sii^  -  (d3i/sn^)E2.  (47) 

Introducing  Eq.(47)  into  Eq.(46),  and  allowing  for  xj=au/ax  and  aE2/ax=0  (due  to  the  equal 
potential  on  each  electrode),  leads  to  a  harmonic  vibration  equation  : 

-  to^p  5  j  jE  y  _  92u/3x2  .  (48) 

Here,  CO  is  the  angular  frequency  of  the  drive  field,  and  p  is  the  density.  Substituting  a  general 
solution  u=ui(x)ei“4u2(x)e'i“*  into  Eq.(47),  and  with  the  boundary  condition  X^  =  0  at  x  =  0 
and  L  (sample  length),  the  following  solutions  can  be  obtained: 

(strain)  3u/3x  =  xj  =  d3iE2  [sinto(L-x)/v  +  sin(cox/v)] /sin(toL/v),  (49) 

L 

(total  displacement)  AL  =  Jxjdx  =  d3jE2L  (2v/tDL)  tan((0L/2v).  (50) 

0 


Fig.  13  Longitudinal  vibration  through  the  transverse  piezoelectric  effect  (d3 1) 

in  a  rectangular  plate. 
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Here,  v  is  the  sound  velocity  in  the  piezoceramic  which  is  given  by 


v=l/VpsiiE,  ^21) 

Since  the  total  current  is  given  by  : 

L  L 

i  =  jcDw  /  D3  dx  =jtow  J  [(£0833^  -  d3i2/sii^)Ez  +  (d3i/siiE)x2]  dx.  (52) 

0  0 

and  using  Eq.  (49),  the  admittance  for  the  mechanically  free  sample  is  calculated  to  be: 

Y  =  (l/Z)  =  (W)  =  (i/Ezt) 

=  (jtowL/t)  eoS33^^[l  +  (d3  i2/£oe33LCsi  iE)(tan(©U2v)  /  ((dL/2v)],  (53) 

where  w  is  the  width,  L  the  length,  t  the  thickness  of  the  sample,  and  V  the  applied  voltage. 
£33^^  is  the  permittivity  in  a  longitudinally  clamped  sample,  which  is  given  by 

^£33^^  =  £0£33^  -  (^3  1^) 

=  £0  833^(1 -k3i2).  (54) 

The  final  transformation  is  provided  by  the  definition, 

*^3 1  =  ds  1/  sj  jE  £0633^.  (55) 

When  the  drive  frequency  is  much  lower  than  the  resonance,  taking  to  ->  0  in  Eq.  (53)  leads 
to  Y  =  (jtowL/t)  £33^  (corresponding  to  the  normal  capacitance).  The  piezoelectric  resonance  is 
achieved  where  the  admittance  becomes  infinite  or  the  impedance  is  zero.  The  resonance  frequency 
fj^  is  calculated  from  Eq.  (53),  and  the  fundamental  frequency  is  given  by 

fR  =  V/2L  =  1/(2L  Vp  sjiE  ).  (5g) 

On  the  other  hand,  the  antiresonance  state  is  generated  for  zero  admittance  or  infinite  impedance: 
((DaL/2v)  cot  (C0aL/2v)  =  -  d3 ty^  si  jE  = .  k3i2/  (i  .  i{;3  j2)  (57) 

The  resonance  and  antiresonance  states  are  described  by  the  following  intuitive  model.^)  In  a 
high  electromechanical  coupling  material  with  k  almost  equal  to  1,  the  resonance  or  antiresonance 
states  appear  for  tan(coL/2v)  =  «  or  0  [i.  e.,  a)L/2v  =  (m-1/2)  or  m  (m:  integer)],  respectively. 
The  strain  amplitude  xj  distribution  for  each  state  [calculated  using  Eq.  (49)]  is  illustrated  in  Fig. 

14.  In  the  resonance  state,  large  strain  amplitudes  and  large  capacitance  changes  (called  motional 
capacitance)  are  induced,  and  the  current  can  easily  flow  into  the  device.  Note  that  for  a  loss-free 
piezoelecUic  the  strain  is  calculated  to  be  infinite  in  Eq.  (49).  On  the  other  hand,  at  antiresonance, 
the  strain  induced  in  the  device  compensates  completely,  resulting  in  no  capacitance  change,  and 
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the  current  cannot  flow  easily  into  the  sample.  Thus,  for  a  high  k  material  the  first  antiresonance 
firequency  should  be  twice  as  large  as  the  first  resonance  frequency  fR. 

In  a  typical  case,  where  k3i  =  0.3,  the  antiresonance  state  varies  from  the  above-mentioned 

mode  and  becomes  closer  to  the  resonance  mode.  The  low-coupling  material  exhibits  an 
antiresonance  mode  where  capacitance  change  due  to  the  size  change  is  compensated  completely  by 
the  current  required  to  charge  up  the  static  capacitance  (called  damped  capacitance).  Thus,  the 
antiresonance  frequencyfA  will  approach  the  resonance  fR. 


Resonance 

m  =  1 


Antiresonance 

Low  coupling  High  coupling 


< — 

m=  1 

1 — ^ -n 

- -  -iV 

m  =  2 

«  -9^ 

1  I'*' - 't  1 

Fig.l4  Strain  generation  in  the  resonance  or  antiresonance  state. 


When  (f^  -  fR)  is  not  very  large  due  to  a  small  electromechanical  coupling,  we  can  derive  the 
following  approximate  expression  for  f^.  Assuming  that  ca^-  (Dr  is  much  smaller  than  tO]^  (= 

nv  /L), 

i(0/,JJ2\)  cot  (£0^-0)r)L/2v  -7c/2)  =  -(co^L/2v)sin(a)A-tOR)L/2v)/cos((OA*®R)L/2v) 

Thus, 

(0^  =  (Jiv/L)[l  ■¥  (4/7t2)  Ksih  (59) 

where  we  introduced  a  new  parameter  K31  as 

=  k3i^/  (I  -  k3i^).  (60) 

It  is  notable  that  for  a  piezoelectric  sample  with  a  typical  k3i  value,  the  two  ends  of  the  plate  are 
not  the  nodal  points,  that  is,  we  can  expect  rather  large  displacements,  which  can  be  applied  for 
ultrasonic  motors. 

Piezoelectric  resonance  with  losses 

First,  we  will  discuss  the  admittance  curve.  Similar  to  the  treatment  in  Section  3,  we  will 
introduce  the  complex  parameters  £33^*  =  £33^(1  -  j  tan  5’),  sn^*  =  sii^(l  -  j  tan  (|)’).  and 
d3j*  =  d(l  -  j  tan  9)  into  Eq.  (53): 
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Y  =  Yd  +  Yn, 

=  (jtowL/t)£oe33^(l  -k3i2)[i .  j  (l/(l-k322))((ijin  5’-  tan  0  -  tan  ({>’))] 

+  (jtowL/t)eoe33^k3i2  [(1  -  j(2  tan  0-  tan  <j)’)][(tan(0)L/2  v*)  /  (coL/2  v*)] 

=j(0Cd  [1  -  j  (1/(1  -  k3i2))((tan  5’-  k3i2(2  tan  0  -  tan  (j)’))] 

+ jtoGd  K3i2[(l-j(2tan0-tan  (j)’)][(tan((0L/2v*)/(C0L/2v*)] 

=  jcoCd  (1  -  j  tan  5)  +  jcoCQ  k322[(i-j(2tan0-tan  (|)’)][(tan(coL/2v*)/(coL/2v*)],  (61) 

where 

Co=  (wL/t)  eo£33^,  (62) 

Cd=(l-k3i2)Co.  (63) 

Note  that  the  loss  for  the  first  term  (damped  conductance)  is  represented  by  the  intrinsic  electric 
loss  tan  8,  not  by  the  extrinsic  loss  tan  S’.  Taking  into  account 

V*  =  1/Vp  sj  iE(l  -  j  tan  (j)’)  =  v  (1  +  (1/2)  j  tan  (j)’).  (64) 

we  further  calculate  l/(tan(coL/2v*)  with  an  expansion-series  approximation  around  ((dL/2v)  =  7c/2. 
The  resonance  state  is  defined  in  this  case  for  the  maximum  admittance  point,  rather  than  the 
infinite  Y.  We  will  use  new  frequency  parematers, 

£2  =  (£iU2  V,  AO  =  £2  -  jt/2  («1)  .  (65) 

Since  coL/2  v*=  (jt/2+  A£2)  [1  -  (1/2)  j  tan 

1  /  (tan((oL/2v’'')  =  -  A£2  +  j  (n:/4)tan  .  (66) 

Thus,  assuming  K322=  k3i2/(l.k322),  Yjjjis  approximated  aound  the  first  resonance  frequency  by 

Yni  =  jooCd  K322  [(l-j(2tan0-tan  <t)’)][(tan(a)L/2v*)/(Q)L/2v*)] 

= jtOflCd  K322  [(l-j(2tan0-tan  <|)’)]/[(-A£2+j(jt/4)tan(l)’)(jr/2)(l-(l/2)jtan(|)’)] 

=  j(Ji2/8)  ojoCd  K3i2  [(l4j((3/2)tan(|)’-2tan0)]/[(-  (4/jt)A£2+jtan(|)’).  (67) 

The  maximum  Yj^  is  obtained  at  A£2  =  0: 

Yn^niax  =  (;t2/8)  (00  Cd  K322  (tan  (68) 

In  order  to  obtain  the  mechanical  quality  factor,  let  us  obtain  A£2  which  provides 
Since  A£2  =  (n/4)tan  (j)’  is  obtained, 

Qm=  fliQ  /2A£2  =  (iU2)/  2  (7t/4)tan  (|)’=  (tan  ^’)-^  (69) 

This  verifies  the  ready-used  relation,  Qjjj  =  (tan  <|>’)'^ 
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Next,  the  displacement  amplification  is  considered.  From  Eq.  (50)  also  by  using  the  complex 
parameters: 

u(L)  =  d3  i*E2L  (2v*/coL)  tan(ooL/  2v*) 

=  2d3i(l-j  tanG)  E^L  [v(l+(l/2)  j  tan<ti’)/toL]  tan(a3L/2  v*) 

=  2d3  i(l-j  tanG)  E2L  [v(l+(l/2)  j  taiw])’)  /coqL]  /  (-  +  j(7t/4)tan  (|)’).  (70) 

The  maximum  displacement  Uj^ax  is  obtained  at  Ml  =  0: 

“max  =  d3 1  E^L  (tan  (71) 

The  maximum  displacement  at  the  resonance  frequency  is  (jt^/g)  times  larger  than  that  at  a 
non-resonance  frequency  (d3iE2L). 

In  a  brief  summary,  when  we  observe  the  admittance  or  dislpacement  spectrum  as  a  function 
of  drive  frequency,  and  obtain  the  mechanical  quality  factor  Qjjj  estimated  from  Qjj,  =  coo^^Ato, 

where  2A©  is  a  full  width  of  the  3  dB  down  (i.e.,  iNl)  of  the  maximum  value  at  to  =  (Oo« 
will  obtain  the  extrinsic  mechanical  loss  tan  ({)’. 

Equivalent  Circuit 

The  equivalent  circuit  for  the  piezoelectric  acuator  is  represented  by  a  combination  of  L,  C  and 
R.  Figure  15  (a)  shows  an  equivalent  circuit  for  the  resonance  state,  which  has  very  low 
impedance.  Taking  into  account  Eq.  (61),  we  can  understand  that  Cd  and  R<j  correspond  to  the 
electrostatic  capacitance  (for  a  longitudinally  clamped  sample  in  the  previous  case)  and  the  clamped 
(or  intrinsic)  dielectric  loss  tan  5,  respectively,  and  the  components  La  and  Ca  in  a  series 
resonance  circuit  are  related  to  the  piezoelectric  motion.  For  example,  in  the  case  of  the 
longitudinal  vibration  of  the  above  rectangular  plate  through  631,  these  components  are  represented 

by 


La  =  (P  /  8)(Lb  /  w)(si  1^2  /  d3i2)^ 
Ca  =  (8  /  7i2)(Lw  /  b)(d3 /  si  i^). 


(72) 

(73) 


(a)  (b) 

Fig.  15  Equivalent  circuit  of  a  piezoelectric  device  for  the  resonance  (a)  and  the  antiresonance  (b). 
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The  total  resistance  Ra  (=  Rd  +  Rm)  should  corresponds  to  the  loss  tan  (|)’,  which  is  composed  of 
the  intrinsic  mechanical  loss  tan  (})  and  piezoelectric/dielectric  coupled  loss  (2tan  6  -  tan  5)  (see  Eq. 
(25)).  Thus,  roughly  speaking,  Rm  corresponds  to  the  intrinsic  mechanical  loss.  Note  that  we 
introduced  an  additional  resistance  Rd  to  explain  a  large  contribution  of  the  dielectric  loss  when  a 

vibration  velocity  is  relatively  large.  In  contrast,  the  equivalent  circuit  for  the  antiresonance  state 
of  the  same  actuator  is  shown  in  Fig.  15  (b),  which  has  high  impedance. 


Losses  as  a  Function  of  Vibration  Velocity 

Figure  16  shows  the  mechanical  Qm  versus  basic  composition  x  at  two  effective  vibration 

velocities  vo=0.05  m/s  and  0.5  m/s  for  Pb(ZrxTii-x)03  doped  with  2.1  at.%  of  Fe.^)  The 
decrease  in  mechanical  Qm  with  an  increase  of  vibration  level  is  minimum  around  the 
rhombohedral-tetragonal  morphotropic  phase  boundary  (52/48).  In  other  words,  the  smallest  Q 
material  at  a  small  vibration  level  becomes  the  best  at  a  large  vibration  level,  and  the  data  obtained 
by  a  conventional  impedance  analyzer  with  a  small  voltage/power  does  not  provide  data  relevant  to 
high  power  materials. 
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Fig.  16  Mechanical  Qm  versus  basic  composition  x  at  two  effective  vibration  velocities  vo=0.05 
m/s  and  0.5  mJs  for  Pb(ZrxTii.x)03  doped  with  2. 1  at.%  of  Fe. 


Let  us  consider  here  the  degradation  mechanism  of  the  mechanical  quality  factor  Qm  with 
increasing  vibration  velocity.  Figure  17  shows  an  important  notion  on  heat  generation  from  the 
piezoelectric  material.^)  The  damped  and  motional  resistances,  Rd  and  Rm,  in  the  equivalent 
electrical  circuit  of  a  PZT  sample  are  separately  plotted  as  a  funcdon  of  vibration  velocity.  Note 
that  Rm,  mainly  related  to  the  mechanical  loss,  is  insensitive  to  the  vibration  velocity,  while  Rd, 
related  to  the  dielectric  loss,  increases  significantly  around  a  certain  critical  vibration  velocity. 
Thus,  the  resonance  loss  at  a  small  vibration  velocity  is  mainly  determined  by  the  intrinsic 
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mechanical  loss  which  provides  a  high  mechanical  quality  factor  Qm,  and  with  increasing  vibration 
velocity,  the  intrinsic  dielectric  loss  contribution  significantly  increases.  After  R(j  exceeds  Rm,  we 
started  to  observe  heat  generation.  Thus,  we  can  conclude  that  heat  generation  is  caused  mainly  by 
dielectric  loss  tan  8’  (i.  e.  P-E  hysteresis  loss);  this  is  not  contradictory  to  the  result  in  Section  4 
where  a  high-voltage  drive  was  conducted  at  an  off-resonance  frequency. 


Fig.  17  Vibration  velocity  dependence  of  die  resistances  Rd  and  Rm  in  the  equivalent  electric 

circuit  for  a  PZT  sample. 


LOSSES  AT  RESONANCE  AND  ANTIRESONANCE  MODES 
Lo.sses  at  a  Piezoelectric  Antiresonance  State 

We  will  consider  the  losses  at  the  antiiesonance  frequency  in  comparison  with  the  resonance 
mode.  The  antiresonance  mode  is  obtained  at  a  frequency  which  provides  the  minimum  value  of 
admittance  Y,  instead  of  zero  of  Y  for  the  loss-free  case.  Taking  an  approximation  technique  on 
Eq.  (61)  around  the  antiresonance  frequency  Q)Ai  similar  to  the  previous  section,  we  obtain: 

=  t£>AL/2  V,  M2  =  12  -  £2a  («1)  •  (74) 

If  k3i  is  not  very  large,  the  following  relationship  is  obtained: 

flA  =  «oaL/  2v  =  (7t/2)  (1  +  (4/7t2)  k3 1^)  (75) 

In  the  following  approximation,  however,  this  relation  is  not  used,  but  we  will  neglect  the  higher 
order  of  Ml  and  tan  <|>’  in  Eq.  (61): 
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(76) 


Y  =  j(0Cd{  1  +  (k3i2/(l-k3i2))  tan[(nA+^)  (1- j  (1/2)  tan(|)’)]/ 

[(nA+Ai2)(l-j(l/2)  tanf)]}. 

Taking  into  account 

tan[(nA+An)  (1- j  (1/2)  tan(t)’)] 

=  [(nA^-K3i2AQ+  j(l/2)r2Atan(|)’  K3i2]  /  [(-K3i2-  (l/2)nA  tan<t)’],  (77) 

Y  =  jtoCd  [-  (nA^+K31^+K3i^)An  -  j(l/2)QAtan<{)’  (nA2-K3i2-K324)  / 

[-  K3i2  Qa  -  (i:iA^+K3i2)An .  j(l/2)aA  tan(l>’  (Qa^-  K322)], 

where 

K3i2  =  k3i2/(1 -k3j2) 

Then,  can  be  obtained  at  Afl  =  0: 

YHiin  _  toCd  (1/2)  tan(|)’  (fl:A2-  K312  . 

■^2  Y™*^  can  be  obtained  at 

An  =  (1/2)  Qa  tan<|>’  (nA2-K3i2-K3i4)  /(nA2+K3i2+K3i4). 

Thus,  mechanical  quality  factor  at  the  antiresonance  can  be  obtained  as; 

Q  =  /2An  =  [(i2A^+K31^+K3i^)/(nA2-K322-K32^)]  (tantj)’)"!. 

Since  (£2A^+K322+K32^)/(nA2-K322-K32'^)  is  larger  than  1,  Qm  can  be  verified  to  be  larger 

than  Qni  at  the  resonance  (=  (tan(j)’)-l).  When  k32  is  small,  using  Eq.  (75)  and  neglecting  k32‘*  or 
higer  orders,  Q  is  approximated  as 

Q  =  (1  +  (8/n:2)  k322)  (tan<(i’)'l.  (83) 


(78) 


(79) 


(80) 


(81) 

(82) 


Note  that  this  Q  is  equal  to  the  inverse  value  of  the  intrinsic  mechanical  loss,  (tan<|))'l. 
Experimental  Results 

Figure  18  illustrates  mechanical  quality  factors,  Qa.  Qb  and  the  temperature  rise  for  the 
resonance  (A-type)  and  the  antiresonance  (B-type)  modes  for  a  rectangular-shape  har  PZT  resonator 

plotted  as  a  function  of  vibration  velocity.^)  The  sample  size  is  indicated  in  the  figure  (43  mm  x 
7  mm  x  2  mm).  Note  that  an  “effective”  vibration  velocity  VqIs  a  material’s  constant  independent 
of  the  sample  size,  and  is  defined  as  ^2  re  f  where  f  is  the  resonance  or  antiresonance 

frequency  and  u^ax  is  the  maximum  vibration  amplitude  of  the  piezoelectric  device.^)  It  is  again 
noteworthy  that  the  mechanical  quality  factor  decreases  dramatically  above  a  certain  critical 
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vibration  velocity  (0.1  m/s),  where  a  steep  tempreature  rise  starts.  We  have  suggested  that  the  heat 
generation  is  mainly  attributed  to  a  P-E  hysteresis  loss  rather  than  the  pure  mechanical  loss.^) 
Note  also  that  Qb  is  higher  than  Qa  over  the  entire  vibration  velocity  range,  and  that  the 
temperature  rise  of  the  sample  is  less  for  the  B-type  resonance  (antiresonance)  than  for  the  A-type 
resonance  for  the  same  vibration  level.  This  indicates  an  interesting  idea  that  the  antiresonance 
mode  should  be  superior  to  the  conventional  resonance  mode,  particularly  for  high  power 
applications  such  as  ultrasonic  motors.  In  a  typical  piezoelectric  material  with  k3i  around  30  %, 
the  plate  edge  is  not  a  vibration  nodal  point  and  can  generate  a  large  vibration  velocity. 


Fig.  1 8  Vibration  velocity  dependence  of  the  quality  factor  Q  and  temperature  rise  for  both  A 
(resonance)  and  B  (antiresonance)  type  resonances  of  a  longitudinally  vibrating  PZT  ceramic 
transducer  through  transverse  piezoelectric  effect  d3i. 


CONCLUSIONS 

(1)  Various  techniques  for  measuring  the  electric,  mechanical  and  piezoelectric  coupling  losses 
separately  have  been  discussed: 

(a)  D  vs.  E,  X  vs.  X,  x  vs.  E  and  D  vs.  X  curves  for  electric,  mechanical  and  piezoelectric 

losses 

(b)  heat  generation  at  an  off-resonance  frequency  for  an  extrinsic  electrical  loss 

(c)  resonance/antiresonance  technique  for  intrinsic  electric  and  extrinsic  mechanical  losses 

By  combining  the  above  methods,  we  can  investigate  the  loss  mechanisms  in  practical 
piezoelectric  materials. 

(2)  Heat  generation  is  caused  mainly  by  dielectric  loss  tan  5’  (i.e.,  P-E  hysteresis  loss),  not  by 
mechanical  loss.  In  order  to  suppress  the  temperature  rise,  a  transducer  design  with  larger  surface 
area  is  recommended  (for  example,  a  tube  rather  than  a  rod). 

(3)  A  dramatical  decrease  in  mechanical  Qm  with  an  increase  of  vibration  level  was  observed 
in  resonant  piezoelectric  ceramic  devices,  and  the  data  obtained  by  a  conventional  impedance 
analyzer  with  a  small  voltage/power  does  not  provide  data  relevant  to  high  power  materials. 
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(4)  Since  the  mechanical  quality  factor  Qb  at  an  antiresonance  frequency  is  larger  than  Qa  at  a 
resonance  frequency,  the  antiresonance  mode  seems  to  be  superior  to  the  conventional  usage  of  the 
resonance  mode,  particularly  for  high  power  applications  such  as  ultrasonic  motors. 
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Abstract 

Piezoelectric  ceramics  are  potential  high-power  electro-acoustic  sources,  and  have  been  studied 
for  many  years.  However,  when  these  devices  are  driven  under  high  level  vibration,  the 
electromechanical  characteristics  depart  significantly  due  to  the  loss  and  nonlinear  behavior  in 
terms  of  elastic  and  dielectric  properties.  In  this  paper,  we  present  results  concerning  the 
development  of  modified  Pb(Mgi/3Nb2Q)03-PbTi03  (PMN-PT)  ceramics  for  high-power 
application.  We  have  focused  efforts  on  base  PMN-PT  compositions  close  to  the  morphotropic 
phase  boundary.  Different  mono-doping  have  been  studied  to  understand  flie  doping  effects  on 
the  properties  of  PMN-PT  ceramics  and,  moreover,  to  improve  the  properties  for  the  high-power 
application.  Of  all  the  substitutents  investigated  in  this  study,  Mn-doping  was  found  the  onjy  one 
to  improve  the  properties  of  PMN-PT  significantly  for  hi^-power  application  by  reducing  the 
total  loss  (including  mechanical  loss  as  well  as  Ae  dielectric  loss),  yet  keeping  the  coupling 
factor  constant.  This  work  is  supported  by  Office  of  Naval  Research. 

Introduction 

Piezoelectric  ceramics  are  potential  high-power  electro-acoustic  sources,  and  have  been  studied 
for  many  years.  However,  there  are  still  some  serious  problems,  such  as  the  durability  of  the 
materials,  and  the  fact  that  the  piezoelectric  data  obtained  for  a  small  applied  electric  field 
becomes  less  relevant  as  the  field  is  increased  far  above  the  general  characterization 
condition[l,2].  Presently,  the  lead  zirconate  titanate  (PZT)  family  of  ceramics  with  some 
acceptor-type  doping  (Hard  PZT)  are  the  most  widely  used  for  this  kind  of  application  owing  to 
their  excellent  dielectric  and  piezoelectric  properties  at  the  morphotropic  phase  boundary  with 
the  coexistence  of  tetragonal  and  rhombohedral  phases,  alloAving  increased  domain 
reorientability  and  easier  polarization  as  well  as  the  low  dielectric  loss  and  high  mechanical 
quality  factor,  Qm,  which  is  the  inverse  of  the  mechanical  loss.  However,  in  hard  PZT,  the 
coupling  factor  k  is  quite  low  and  the  loss  still  increases  very  fast  under  high-level  driving[l]. 
Thus,  investigation  of  other  potential  high  k  materials  with  more  stable  and  reliable  loss 
properties  is  important  for  transduction  application. 

The  perovskite  lead  magnesium  niobate  Pb(Mgi/3Nb2/3)03  (PMN)  is  a  well-known  relaxor  with  a 
diffuse  phase  transition.  The  structure  is  pseudo-cubic  with  an  average  space  group  symmetry 
Pm3m  at  room  temperature,  with  no  evidence  of  long  range  ordering  of  the  dissimilar  B  site 
cation  sublattices.  Ihe  disorder  in  the  B  site  cation  is  believed  to  be  the  cause  of  relaxor  type 
behavior  in  these  materials.  The  piezoelectric  properties  of  PMN  can  be  enhanced  with  the 
addition  of  PT.  The  PMN-PT  solid  solution  system  exhibits  a  morphotropic  phase  boundary 
(MPB)  between  a  pseudo-cubic  and  a  tetragonal  phase  at  about  30-35  mole  %  of  PT.  [3]  The 
dielectric  and  piezoelectric  constants  for  materials  near  the  MPB  are  abnormally  high  as  reported 
by  many  researchers  such  as  Lejeune.  [4]  The  properties  of  high  k,  high  d  and  high  energy 
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density  PMN-PTs  are  very  attractive  for  high-power  applications.  However,  the  mechanical 
quality  factor  Qm  is  quite  low.  Although  PMN-PT  system  has  been  actively  studied  under  a  small 
AC  electric-field  condition,  the  characterization  under  high  power  applications  has  seldom  been 
performed.  Furthermore,  there  are  almost  no  reports  about  varying  Qm  value  in  PMN-PT  by 
composition  modification.  In  this  study,  we  investigated  doping  effects  on  PMN-PT  based 
ceramics  for  the  goal  of  improving  the  materials  for  high-power  applications. 

Sample  preparation  and  experimental  procedure 

In  order  to  eliminate  the  formation  of  a  parasitic  pyrochlore  phase  (Pb3Nb40i3),  the  columbite 
precursor  method  proposed  by  Swartz  and  Shrout  [3]  was  used  to  prepare  PMN-PT  on  the  MPB. 
Both  A-site  and  B-site  dopants,  including  the  hi^er  valence  and  lower  valence  elements  were 
used  to  study  the  effect  of  doping  in  PMN-PT.  These  include  La,  Li,  Na,  K,  Mn,  In,  Fe.  Excess 
Mg  and  Nb  were  also  studied  for  comparison.  In  the  first  stage,  MgO  and  Nb205  were  mixed  in  a 
stoichiometric  ratio,  and  a  precursor  columbite  phase  MgNbaOg  was  formed  after  calcination  at 
1200®C  for  4hrs.  X-ray  diffraction  patterns  were  then  taken  to  check  phase  formation.  In  the 
second  stage,  the  precursor  was  mixed  in  stoichiometric  ratios  with  PbO  and  Ti02  and  doping 
elements.  To  insure  proper  mixing,  both  steric  hinderenace  and  electrostatic  repulsion  (pH 
adjustment  by  ammonia),  dispersion  mechanisms  were  required  to  prepare  a  30  vol.  %  slurry 
with  deionized  water.  The  slurry  was  vibratory  milled,  then  dried  and  calcined  at  700°C  for  4  hr. 
Calcined  powders  were  examined  by  x-ray  diffraction  to  insure  phase  purity.  To  control  PbO 
volatility,  sintering  was  performed  in  a  lead  rich  atmosphere  by  placing  a  small  amount  of  mixed 
powder  of  PbO  and  Zr02  in  a  closed  cmcible.  After  sintering,  the  samples  were  polished,  and 
gold-sputtering  was  used  for  the  electrodes  on  both  siufaces. 

The  dielectric  properties  were  measured  with  a  computer  controlled  automated-measurement 
system  from  room  temperature  to  250°C  (HP4284A  for  electric  measurement  and  FLUKE8840 
with  an  oven  for  temperature  controlling).  The  electromechanical  properties  were  determined  by 
measurement  of  the  admittance  spectrum  under  low  level  constant  voltage  using  an  HP4194,  and 
by  measurement  of  the  impedance  spectrum  vs.  different  vibration  velocity  under  constant- 
current  driving  conditions  [1].  The  latter  method  is  different  from  the  conventional  impedance 
analyzer  measurements,  where  the  vibration  velocity  is  significantly  increased  near  the  resonance 
frequency,  leading  to  jumping  and  hysteresis  problems  in  the  impedance  vs.  frequency  curve  due 
to  the  nonlinearity  become  significant  under  high  level  driving. 

Results  and  discussions 

a.  Basic  properties 

Table  I  summaries  the  dielectric  and  electromechanical  properties  for  different  dopings.  Data 
taken  from  previous  studies  of  various  doping  elements  in  PZT  or  PMN-PT,  and  the  radii  of 
Pb(2+)  and  Ti(4+),  have  also  been  included  for  reference.  Effects  of  Na  and  K  substituents  can 
be  seen  to  be  almost  the  same.  Both  are  from  the  same  group  (s-oribitals  with  1+  valance)  and 
substitute  Pb  onto  the  A  sites  which  have  12-coordination.  Both  of  these  substitutents  increase 
the  quality  factor  Qm  a  little  and  reduce  the  piezoelectric  constant.  Li  is  also  from  the  same 
chemical  group  (s-oribital  with  1+  valence),  yet  its  ionic  radii  is  smaller  (0.76A)  relative  to  Na 

(1.39A)  and  K(1.64A).  The  tolerance  factor  t  =  — o(6-ct)  )  small  for  Li  to  go 

onto  the  A-sites.  Consequently,  the  effect  of  Li  modification  is  different  from  Na  and  K  doping. 
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Fe-modification  does  not  change  the  properties  of  PMN-PT  significantly,  however  for  the  PZT 
system,  Fe  increases  Qm  to  more  than  1000.  In  PZT,  both  B-site  cation  sublattice  are  occupied 
by  4+  species,  while  in  PMN-PT  occupancy  is  composed  of  multiple  valent  species,  i.e.,  2+ 
(Mg),  5+  (Nb),  and  4+  (Ti).  If  Fe  prefers  to  substitute  for  Mg,  then,  it  is  either  a  3+  (or  2+) 
species  on  a  2+  site.  In  this  case,  it  will  not  induce  acceptor-type  (or  “harder”)  behaviors  in 
PMN-PT,  as  it  does  in  PZT.  Similar  effects  were  found  in  In-mo^fied  compositions,  as  can  be 
seen  in  Table  I.  Excess  Mg  and  Nb  did  not  result  in  any  significant  effects  on  the  properties. 
Possibly  because  concentrations  of  one  at.%  excess  are  too  small. 

Of  all  the  substitutents  investigated  in  this  study,  Mn  was  the  only  one  which  was  found  to 
behave  uniquely.  Upon  Mn  modification,  the  piezoelectric  constant  was  decreased,  however  the 
quality  factor  Qm  was  increasesed  significantly.  The  coupling  coefficient  ksi  was  not 
significantly  affected  by  Mn  modification  and  had  a  constant  value  of  ~0.3.  These  changes  in  the 
properties  make  the  materials  more  suitable  for  high  power  transducer  applications.  Thus,  high- 
power  measurements  of  Mn-modified  samples  will  shown  in  the  next  section. 


Table  I:  The  properties  of  .65PMN-.35PT  with  1  at.%  doping 


element 

wsm 

K 

Na 

fSHI 

— 

Fe 

In 

IZjliill 

Substitute 

site 

A-site 

A-site 

A-site 

B-site 

B-site 

B-site 

B-site 

B-site 

Valency 

+3 

+1 

+1 

+  1 

EsShI 

+2, +3 

+3 

+5 

+2 

Behavior 
in  PZT 

Donor 

-like 

Acceptor 

-like 

Acceptor 

-like 

m 

Acceptor 

-like 

Acceptor 

-like 

Acceptor 

-like 

Donor¬ 

like 

Acceptor 

-like 

Ionic 

radii(A) 

1.36 

1.64 

1.39 

,76 

(+7).46 

(+4).53 

(+3).62 

(+21.72 

.8 

.69 

.72 

Curie  T 

50 

181.23 

178 

178.3 

175 

178 

187.62 

185.9 

189 

Dieletric 

constant 

2300 

3990 

4140 

3260 

2100 

3100 

3140 

4050 

3500 

Kmax 

23000 

34800 

34800 

25600 

21000 

33000 

33400 

33600 

38100 

Dieletric 

loss 

.025 

.012 

.0114 

.0305 

.009 

.0116 

.0118 

.024 

.02 

d,, 

280 

373 

360 

546 

350 

500 

564 

583 

76 

143 

150 

68 

300 

80 

88 

75 

78 

Pb(+2)1.4 

19 A,  Ti  1 

[+4)  .605A 

A-site  cation  :  12-coordinated,  B-site  cation  :  6-coordinated 
"‘Used  to  adjust  Tc[3] 

"‘"'Used  to  improve  the  electrical  resistance,  reduce  the  sintering  temperature  and  reduce  the 
temperature  coefficient  of  capacitance 

"‘"‘"‘l.Used  as  similar  reason  of  Li.  2.Studied  for  the  age  effect.[6] 

"‘♦"'"‘Can  form  PFN[5] 

*♦♦**  Can  form  PIN[5] 

♦♦♦♦♦♦Can  form  pyrochlore[3] 

♦♦****♦  Sintering  aid,  can  reduce  pyrochlore  but  induce  grain  growth.[3] 

Figure  I  shows  the  temperature  and  frequency  dependence  of  the  dielectric  constant  as  well  as 
dielectric  loss  (tan5)  for  0.65PMN-0.35PT  with  different  substituents.  Mn  and  Li  substituents 
both  depressed  and  broadened  the  peak  dielectric  constant  values,  shown  in  Fig  1(a)  and  (b), 
even  though  Mn  had  a  stronger  effect.  One  possible  reason  is  that  they  both  can  form  a  liquid 
phase  during  sintering  resulting  in  secondary  phase  formation  in  the  grain  boundaries,  which 
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generally  reduces  the  dielectric  constant.  However,  they  have  very  different  behavior  of 
dielectric  loss  (Tan  Delta).  While  Mn  substituents  reduce  the  dielectric  loss  to  less  than  1%  near 
room  temperature,  specimens  with  Li  retain  a  value  of  3%  (Figl  (d)  and  (e)).  The  temperature 
and  frequency  dependence  of  dielectric  constant  of  Na  and  K-doped  samples  are  shown  in  Figl 
(b).  They  both  exhibited  similar  results,  however  Li-modification  resulted  in  significant 
differences.  ^ 


b.  Piezoelectric  properties  under  a  high-power  driving 


Heat  generation  is  one  of  the  big  problems  for  materials  under  high-level  driving.  The 
temperature  rise,  AT,  with  a  specific  sample  due  to  the  heat  generation  is  proportional  to  the  loss 
as  follows 


Ar  = 


Me 


(1) 


where  (DqW  is  dissipated  vibration  energy  per  second,  M  mass  of  the  sample,  t’  thickness,  and  c 
the  specific  heat  capacitance. 

The  dissipated-vibration-energy  per  second,  cooW  can  be  calculated  as  follows 

and  (2) 


Q-'  =Q-'  +2-* 

where  v,  and  6><,are  vibration  velocity  and  resonance  angular  respectively. 
From  Eqn(l)  and  (2),  we  can  get 


=  ^ - 


c  (3) 

For  longitudinal  dai  mode  with  both  ends  of  the  sample  are  mechanically  free,  the  relationship  of 
vibration  velocity  v  and  the  driving  field  Edo  can  be  written  as 


V 


It  can  be  calculated  from  the  resonance  frequency  and  the  maximiun  displacement  of  the  ends 
by  the  following  equation 


V 


1  £ 
-f=a}  B 

yf2  f 


(5) 


The  result  of  the  saturation  temperature  rise  and  the  total  loss  increase  with  an  increase  of  the 
vibration  velocity  for  Mn-doped  samples  are  shown  on  Fig.2(a).  From  Eqn.  (3),  the  temperature 
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35  135  235 


Temp  (oC) 

(e) 

Figure  1:  Dielectric  constant  with  different  frequencies  (lOOHz,  IkHz,  and  lOkHz  from  the 
highest  to  the  lowest  curve  in  one  group)  vs.  temperature  of  .65PMN-.35PT  +  1  at.%  dopants:  (a) 
pure  and  Mn,  (b)  K,  Na,  Li,  (c)  In,  excess  Mg,  and  excess  Nb;  Tan  Delta  vs.  Temperature  of 
.65PMN+.35Pt  +  1  at.%  dopants:  (d)  Li,  Na,  K,  (e)  Mn,  In,  excess  Mg  and  excess  Nb. 
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rise  is  proportional  to  the  square  of  vibrational  velocity,  and  the  total  loss.  The  saturation 
temperature  was  decided  when  the  sample  temperature  become  stable  due  to  the  balance  of  heat 
generation  and  radiation  after  a  period  of  time  when  the  sample  driving  under  some  vibrational 
velocity.  Because  the  quality  factor  Q  dropped  significantly  when  the  vibrational  velocity  >  .2 
m/sec  preferred  to  Fig  2(b)),  the  saturation  temperature  rise  also  increased  much  faster.  The 
larger  Q  the  sample  has,  the  smaller  the  saturation  temperature  rise  is. 


Figure  2;  The  vibration  velocity  dependence  of  temperature  rise  (a)  and  quality  factor  Qm  (b)  of 

.65PMN-.35PT  +  x  at.%  Mn  doping 

Summary 


In  this  paper,  MPB  compositions  of  PMN-PT  with  various  substituents  were  studied  for  high- 
power  applications.  Mn-doping  was  found  to  improve  the  properties  of  PMN-PT  significantly  for 
high-power  application  by  reducing  the  total  loss  (including  mechanical  loss  as  well  as  the 
dielectric  loss),  yet  keeping  the  coupling  factor  constant.  It  appears  that  Mn  substituents  behave 
as  acceptors  in  PMN-PT  ceramics,  resulting  in  “harder”  characteristics.  The  special  effects  of 
Mn  may  be  related  to  its  multiple  valance  states,  however  this  needs  further  investigations 
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Piezoelectric  ceramics  are  potential  high-power  electroacoustic  sources,  and  have  been  studied  for  many  years.  However, 
when  these  devices  are  driven  under  high-level  vibration,  the  electromechanical  characteristics  depart  significantly  from  the 
conventional  linear  piezoelectric  relationships  due  to  the  loss  and  nonlinear  behavior  in  terms  of  elastic  and  dielectric  properties. 
In  this  paper,  we  present  results  concerning  the  development  of  modified  Pb(Mgi/3Nb2/3)03— PbliOa  (PMN~PT)  ceramics  with 
improved  mechanical  quality  factors  for  high-power  application.  We  have  focused  efforts  on  base  PMN-PT  compositions  close 
to  the  morphotropic  phase  boundary.  Evidence  will  be  presented  which  indicates  that  the  improved  mechanical  quality  factor 
results  from  the  introduction  of  “hard”  characteristics  into  PMN-PT  by  the  substiments.  Investigations  of  the  nonlinearity 
of  the  electromechanical  properties  on  the  vibrational  amplitude  were  performed  using  a  constant  displacement  method.  The 
degradation  of  the  mechanical  quality  factor  with  increasing  drive  amplitude  also  presents  thermal  stability  problems  for  the 
usage  of  these  materials  in  high-power  transducer  applications. 

KEYWORDS:  PMN^PT,  MPB,  high-power  piezoelectric,  mechanical  quality  factor,  nonlinearity 


1.  Introduction 

Piezoelectric  ceramics  have  been  studied  for  many  years, 
but  only  recently  has  interest  arisen  in  using  them  as 
high-power  electroacoustic  projectors/sources  such  as  ultra¬ 
sonic  motors  and  transformers.  However,  when  these  materi¬ 
als  are  electrically  driven  to  high  mechanical  vibration  levels 
near  resonance,  the  electromechanical  property  characteris¬ 
tics  depart  significantly  from  the  conventional  linear  piezo¬ 
electric  relationships. The  deviations  are  due  to  the  pres¬ 
ence  of  nonlinear  contributions  in  both  the  real  and  imaginary 
components  of  the  apparent  dielectric,  electromechanical,  and 
elastic  responses.  Experimentally,  with  respect  to  standard 
piezoelectric  resonance  methods,  several  effects  are  known  to 
occur  under  high-level  vibration  excitations.  These  include: 
(i)  a  shift  in  the  resonance  frequency, (ii)  a  decrease  in  the 
mechanical  quality  factor  (iii)  an  appearance  of  a  jump 
and/or  a  hysteresis  in  the  admittance  spectrum  during  a  fi:e- 
quency  sweep, and  (iv)  heat  generation  (due  to  the  lower 
Qm)  that  not  only  degrades  the  electromechanical  properties^ 
but  also  may  result  in  thermal  stability  problems  for  trans¬ 
ducer  engineers. 

The  current  lack  of  a  deterministic  understanding  of  these 
nonlinearities  presents  a  serious  problem  for  their  usage  in 
high-power  applications.  Available  piezoelectric  data  on  lead 
zirconate  titanate  (PZT)  and  lead  magnesium  niobate  lead  ti- 
tanate  (PMN-PT)  ceramics  have  generally  been  obtained  only 
under  small  fields,  A  few  researchers  have  investigated  the 
behavior  of  piezoelectric  materials  under  high-power  driving 
conditions.  Beige  and  Schmidt^^  have  demonstrated  the  pres¬ 
ence  of  strong  nonlinearities  in  the  dielectric,  piezoelectric, 
and  elastic  responses.  These  studies  were  performed  using  a 
resonance  method  and  demonstrated  the  presence  of  strong 
asymmetries  in  resonance  curves.  Phenomenological  anal¬ 
ysis  demonstrated  that  the  source  of  all  three  types  of  non- 
linearities  was  the  acentric  nature  of  the  polarization.  Also, 
Takahashi  et  have  reported  high-power  measurements  on 
piezoelectric  materials,  obtained  using  the  constant  vibration 


velocity  method.  In  this  method,  the  vibration  velocity  of 
the  specimen  is  held  constant  by  varying  the  applied  volt¬ 
age  as  the  frequency  is  swept  through  the  natural  resonance 
mode  of  the  specimen.  With  this  constant  vibrational  veloc¬ 
ity  method,  as3mmetries  or  hysteresis  jumps  in  the  admit¬ 
tance  spectrum  can  be  avoided.  This  method  has  been  ap¬ 
plied  to  materials  such  as  PZT  modified  with  Nb  and  Fe,  lead 
manganese  antimonate-Iead  magnesium  niobate-lead  titanate 
(PMS-PMN-PT),  and  lead  manganese  antimonate-lead  zir¬ 
conate  titanate  (PMS-PZ-PT).  In  general,  it  has  been  found 
that  with  increasing  the  vibration  level,  the  mechanical  quality 
factor,  gm»  decreases  dramatically.  Tashiro  et  have  also 
reported  a  temperature  rise,  under  high-level  drive  conditions 
in  PZT-based  materials  using  this  method. 

Undoubtedly,  domain  wall  motions/vibrations  contribute 
significantly  to  the  electromechanical  and  mechanical  nonlin¬ 
earities.  In  addition,  they  will  significantly  impact  the  imag¬ 
inary  components  of  the  responses.  It  is  well  known  that 
the  dielectric  loss  factor  depends  strongly  on  the  amplitude 
of  the  AC  electrical  field.  The  large  loss  factors  under  mod¬ 
erate  drives  result  in  the  conversion  of  a  significant  amount 
of  the  stored  electrical  energy  into  heat.  Domain  wall  mo¬ 
tion/vibrations  will  also  contribute  significantly  to  the  appar¬ 
ent  piezoelectric  and  mechanical  loss  factors.^* In  general, 
these  loss  factors  have  been  shown  to  be  directly  related  to  the 
dielectric  loss  factor.  Also,  previous  internal  friction  investi¬ 
gations  of  martensitic  phases  under  AC  mechanical  excitation 
have  revealed  the  presence  of  strong  nonlinearities  in  the  me¬ 
chanical  quality  factor  with  increasing  drive  levels.^’^^  These 
nonlinearities  result  from  a  stress  dependence  of  the  unre¬ 
laxed  moduli.  With  increasing  AC  drive,  the  unrelaxed  mod¬ 
uli  are  driven  towards  the  relaxed  condition,  resulting  in  fer- 
roelastic  domain  boundary  motion  and  a  significant  decrease 
in  the  mechanical  quality  factor.  Clearly,  in  systems  contain¬ 
ing  ferroelectric  or  ferroelastic  (proper  or  improper)  domain 
boundaries,  phase  angles  are  dominantly  controlled  by  the  dy¬ 
namics  of  the  domains.  In  ferroelectric  systems,  both  the  di¬ 
electric  and  mechanical  quality  factors  will  be  dominated  by 
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the  dynamics  of  the  ferroelectric  domains. 

In  high-power  applications,  heat  generation  limits  the  ap¬ 
plication  of  many  potential  materials.  “Soft”  piezoelectric 
materials  are  known  to  have  significantly  higher  performance 
coefficients,  relative  to  hard  materials.^^  However,  the  en¬ 
hanced  performance  of  soft  materials  cannot  be  taken  advan¬ 
tage  of  in  high-power  applications,  due  to  thermal  stability 
conditions  in  transducer  designs.  Rather,  the  only  materials 
which  can  be  used  in  these  applications  are  “hard”  piezo¬ 
electrics.  These  materials  have  significantly  degraded  piezo¬ 
electric  coefficients  and  electromechanical  coupling  coeffi¬ 
cients,  relative  to  soft  materials.  The  near  linear  nature  of 
the  polarization  under  drive  conditions  in  hard  materials  re¬ 
sults  in  greatly  reduced  hysteretic  losses  upon  the  cycling  of 
a  field.  The  reduced  losses  of  hard  materials  result  from  a  do¬ 
main  wall  pinning  by  defect  dipoles.  In  general,  it  has  been 
observed  that  higher  valent  substituents  induce  soft  behavior, 
whereas  lower  valent  ones  induce  hard  behavior.^^ 

Ideally,  for  high-power  transducer  applications,  the  combi¬ 
nation  of  high  electromechanical  performance  of  soft  piezo¬ 
electrics  with  the  low  hysteretic  losses  of  hard  ones  is  desir¬ 
able.  Another  alternative  is  the  electrostrictive  relaxor  fer- 
roelectrics,  which  develop  piezoelectric  properties  under  DC 
bias.^^^  These  materials  have  slim  quadratic  hysteresis  loops, 
but  as  of  yet,  their  application  in  high-power  transducers 
has  also  been  limited  in  part  by  thermal  stability  consider¬ 
ations.  One  of  the  purposes  of  this  work  was  to  attempt 
to  develop  PMN-PT  ceramics  which  are  modified  by  sub¬ 
stituents  which  might  induce  hard  characteristics  to  some  de¬ 
gree.  High-power,  high- 2  PMN-PT-based  ceramics  would 
have  important  applications  in  actuators  and  transducers. 

This  paper  focuses  on  the  high-power  piezoelectric  charac¬ 
teristics  of  Pb(Mgi/3Nb2/3)03-PbTi03  (PMN-PT)-based  ce¬ 
ramics  which  have  been  modified  with  Fe  or  Mn.  The  per- 


ovskite  lead  magnesium  niobate  Pb(Mgi/3Nb2/3)03  (PMN) 
is  a  well-known  relaxant  with  a  diffuse  phase  transition. 

The  piezoelectric  properties  of  PMN  can  be  enhanced  by  the 
addition  of  PT.^^^  The  PMN-PT  solid  solution  system  ex¬ 
hibits  a  morphotropic  phase  boundary  (MPB)  between  the 
pseudocubic  and  tetragonal  phases  at  about  30-35  mole%  of 
PT.^"^^  The  dielectric  and  piezoelectric  constants  for  materials 
near  the  MPB  are  abnormally  high,  as  reported  by  many  re¬ 
searchers  such  as  Lejeune.^^^  Although  the  PMN-PT  system 
has  been  actively  studied  for  a  small  electric-field  response, 
such  characterization  for  high-power  applications  has  seldom 
been  made. 

2.  Sample  Preparation  and  Experimental  Procedure 

PMN-PT  powders  were  formed  using  the  columbite  pre¬ 
cursor  method  developed  by  Swartz  and  Shrout.^^^  In  this 
method,  the  formation  of  a  parasitic  pyrochlore  phase 
(Pb3Nb40i3)  is  eliminated.  Specimens  were  prepared  for 
compositions  close  to  the  morphotropic  phase  boundary 
(MPB)  with  a  PT-content  of  33  at.%  (i.e.,  P.67PMN-0.33PT). 
This  composition  will  be  referred  to  as  PMN-PT  through¬ 
out  the  remainder  of  this  paper.  Modified  PMN-PT  ceramics 
were  prepared  using  Fe  or  Mn  substituents.  These  particular 
substituents  were  chosen  in  PZT  because  they  are  convention¬ 
ally  used  for  rendering  the  properties  harder. 

In  the  first  stage  of  powder  preparation  (columbite  precur¬ 
sor  step),  MgO  and  Nb205  powders  were  mixed  in  a  stoichio¬ 
metric  ratio.  After  calcination  at  1200®C  for  4  h,  a  precur¬ 
sor  columbite  phase,  MgNboOe,  was  formed.  Single-phase 
columbite  formation  was  confirmed  by  X-ray  diffraction.  In 
the  second  stage,  the  columbite  precursor  was  mixed  in  sto¬ 
ichiometric  ratios  with  PbO  and  Ti02.  In  order  to  ensure 
proper  mixing  of  a  30  vol%  slurry  with  deionized  water,  care¬ 
ful  dispersion  was  achieved  with  pH  adjustments  using  am- 


Fig.  1 .  High-power  measurement  system  with  constant-current  driving. 
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monia,  thus  reducing  both  steric  hindrance  and  electrostatic 
repulsion  (pH  adjustment  by  ammonia).  The  slurry  was  vi- 
bratorily  milled,  dried  and  then  calcined  at  700°C  for  4h. 
The  calcined  powders  were  examined  by  X-ray  diffraction 
to  ensure  phase  purity.  The  powders  were  then  formed  into 
green  bodies  by  cold  isostatic  pressing  (CIP),  in  order  to  in¬ 
crease  the  green  body  densities  and  reduce  the  deformation 
due  to  the  inhomogeneous  pressure.  Sintering  was  then  per¬ 
formed  in  a  Pb-rich  atmosphere  by  placing  a  small  amount 
of  the  mixed  powders  of  PbO  and  ZrOa  in  a  sealed  crucible 
to  reduce  PbO  volatility.  Different  sintering  temperatures  and 
times  were  tested,  in  order  to  determine  the  best  sintering  pro¬ 
files  for  the  different  samples.  After  sintering,  the  samples 
were  cut  and  polished  to  40  mm  x  5  mm  x  1  mm  rectangular 
plates.  Gold  sputtering  was  then  used  to  deposit  electrodes 
on  both  surfaces.  Finally,  the  specimens  were  poled  by  be¬ 
ing  immersed  in  silicon  oil  at  100°C  and  an  applied  field  of 
~2.5  kV/mm  for  20  min. 

Scanning  electron  microscopy  (SEM)  with  energy- 
dispersive  X-ray  spectroscopy  (EDS)  (Model  HITACHI 
S-3500N  made  by  Philips)  was  used  to  evaluate  the  grain 
sizes  and  the  composition  homogeneity  of  the  specimens. 
The  dielectric  properties  were  measured  using  a  computer- 
controlled  HP  4284A  LCR  meter.  Temperature-dependent 
measurements  were  performed  using  a  FLUKE  8840  mul¬ 
timeter  in  conjunction  with  a  Delta  Design  environmental 
chamber  in  the  temperature  range  between  25  and  250°C.  Di¬ 
electric  measurements  were  performed  both  before  and  after 
poling.  The  polarization  and  strain  were  then  simultaneously 
measured  as  a  function  of  an  applied  AC  electrical  field.  The 
P-E  behavior  was  measured  using  a  computer-controlled 
modified  Sawyer-Tower  circuit.  Low-frequency  hysteresis 
data  were  obtained  using  bipolar  triangle  waves  at  room  tem¬ 
perature.  The  system  measured  the  e-E  behavior  using  an 
inductance  (LVDT)  method.  The  electromechanical  proper¬ 
ties  were  determined  by  measurement  of  impedance  spectra 
under  low-level  constant  voltage  drive  using  a  HP4194,  and 
by  measurements  of  impedance  specha  at  different  vibration 
velocities  under  constant-current  driving  conditions.  In  the 
constant-current  method,  the  voltage  applied  to  the  specimen 
is  varied  as  the  frequency  is  varied  through  the  natural  reso¬ 
nance  in  a  manner  which  results  in  a  constant  vibration  veloc¬ 
ity.  This  method  avoids  asymmetric  resonance  curves,  which 
are  known  to  cause  problems  in  impedance  measurements  un¬ 
der  high  drive  power  conditions. Figure  1  shows  a  block 
diagram  of  the  constant-current  method.  Further  information 
concerning  this  method  has  been  published  previously.**^ 

3.  Results  and  discussion 

J.  1  Crystallographic  structures  and  microstructures 

X-ray  diffraction  patterns  are  shown  in  Fig.  2(a)  for 
specimens  with  0,  1,  1.7,  2.5,  and  3.2at.%  Mn.  The 
pyrochlore/perovskite  phase  ratios  by  volume  were  much 
less  than  0.1%  for  all  these  compositions.  Clearly,  the 
Mn-modified  specimens  used  in  this  investigation  were  nearly 
phase  pure.  However,  for  aMn  content  of  3.2  at. %,  a  small  ad¬ 
ditional  peak  was  observed  close  to  the  perovskite  200  peak, 
indicating  small  concentrations  of  a  secondary  phase  associ¬ 
ated  with  either  pyrochlore  formation  or  Mn  exsolution.  The 
lattice  constants  were  determined  from  this  data.  A  plot  of  the 
lattice  constant  as  a  function  of  Mn  concentration  is  shown  in 
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Fig.  2.  (a)  X-ray  diffraction  patterns  and  (b)  Lattice  constant  a  of 

0.67Pb(Mgi/3Nb2/3)03-0.33Pb'n03  with  x  at.%  Mn  doping. 

Fig.  2(b).  From  the  data  in  this  figure,  it  can  be  seen  that 
the  pseudocubic  structure  does  not  change  significantly  with 
varying  the  Mn  doping  concentration,  over  the  range  investi¬ 
gated.  Similarly,  phase-pure  perovskite  materials  were  found 
by  X-ray  diffraction  for  Fe-modified  PMN-PT. 

Grain  sizes  were  determined  for  Fe-  and  Mn-modified 
specimens  with  various  substituent  concentrations  by  SEM, 
as  shown  in  Fig.  3(a).  The  grain  size  of  the  unmodified  base 
PMN-PT  composition  was  found  to  be  about  5  /xm.  Upon 
modification  with  Fe,  the  average  grain  size  was  found  to 
decrease  to  about  3  ptm  for  x  =  1  at.%  and  remained  un¬ 
changed  with  further  increase  in  Fe  concentration.  For  the 
Mn-modified  materials,  the  average  grain  size  was  found  to 
be  about  5  /xm,  which  is  equal  to  that  of  the  unmodified 
base  composition.  These  data  clearly  demonstrate  minor  mi- 
crostructural  changes  with  compositional  modification  and 
with  increasing  substituent  concentrations.  Consequently, 
changes  in  properties  with  increasing  substituent  concentra¬ 
tions  cannot  be  attributed  to  changes  in  microstructural  char¬ 
acteristics  associated  with  the  polycrystalline  nature  of  the 
material.  Rather,  such  changes  will  need  to  be  explained  on 
the  basis  of  changes  in  stmctural-chemical-property  relation¬ 
ships. 

The  possibility  of  secondary-phase  formation  was  further 
investigated  using  the  EDS  attachment  of  the  SEM.  Small 
quantities  of  secondary  phases  were  observed  near  the  grain 
boundaries  for  the  Mn-modified  materials.  EDS  analysis  re- 
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Fig.  3.  (a)  Grain  size  vs.  doping  concentration  of  0.67Pb(Mg,/3Nb2/3)O3- 
0.33PbrIO3+J:  at.%  Mn  or  Fe.  (b)  SEM  image  of0.67Pb(Mgi/3Nb2/3)O3- 
0.33PbTiO3+3.2at.%Mn.  ^  ^ 


vealed  that  the  local  compositions  of  these  regions  are  rich  in 
Mn  and  Mg.  This  result  indicates  that  Mn  does  have  a  limited 
solubility  in  the  PMN-PT  perovskite  phase,  tending  to  ex- 
solve  at  concentrations  in  excess  of  about  3  at.%.  Similarly, 
Fe  substituents  are  known  to  have  limited  solubility  in  PZT, 
limiting  their  concentrations  in  the  fabrication  of  hard  piezo¬ 
electric  ceramics.  Thus,  in  our  investigations,  substituent  con¬ 
centrations  in  excess  of  3.2  at.%  were  not  investigated. 

3.2  Weak  field  properties 

3.2  J  Fe-modified  PMN-PT 
Figure  4  shows  the  mechanical  quality  factor  (2m) 
and  ^33  value  for  Fe-modified  PMN-PT  as  a  function  of 
Fe-concentration.  The  mechanical  quality  factor  was  found  to 
be  approximately  75  and  nearly  independent  of  Fe  concentra¬ 
tion  over  the  compositional  range  investigated.  These  values 
are  close  to  those  found  for  conventional  soft  piezoelectrics, 
such  as  La-modified  PZT  (PLZT)  or  Nb-modified  PZT.^*^‘‘‘^> 
In  these  cases,  the  relatively  large  mechanical  losses  are  be¬ 
lieved  to  be  directly  due  to  the  large  dielectric  losses  that  are 
incurred  under  small  electrical  drives.  In  soft  materials,  large 
losses  occur  due  to  domain  boundary  vibrations  or  excitations 
that  are  readily  stimulated  under  weak  AC  drive  conditions. 
The  results  shown  in  Fig.  4  are  contradictory  to  those  ob¬ 
served  for  Fe-modified  PZT."^*^*^^  In  both  cases,  Fe  is  sub¬ 
stituted  onto  the  B-cation  sites,  but  in  PZT-based  materials, 
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Fig.  4.  Mechanical  quality  factor  j2m  and  piezoelectric 
0.67Pb(Mgi/3Nb2/3)03~0.33PbTi03  with  jc  at.%  Fe. 


constant  4/33  of 


Fe  modification  results  in  the  development  of  hard  piezoelec¬ 
tric  behavior  and  consequently  an  enhanced  mechanical  qual¬ 
ity  factor.  In  PMN— PT—based  materials,  Fe  modification  re¬ 
sults  in  the  preservation  of  soft  piezoelectric  behavior  and  no 
change  in  the  mechanical  quality  factor.  Clearly,  something 
different  is  occurring.  A  possible  explanation  resides  in  the 
consideration  of  the  multiple  B-cation  sites  that  are  available 
for  substituent  occupancy  in  PMN-PT.  In  PZT-based  materi¬ 
als,  Fe  substitution  on  the  B-site  must  result  in  the  displace¬ 
ment  of  a  -f  4  cation  (Zr  or  Ti)  for  a  -h3  one  (Fe).  However,  in 
PMN-PT-based  materials,  Fe  substitution  on  the  B-site  can 
result  in  the  displacement  of  either  a  -1-2  (Mg),  a  -1-4  (Ti)  or  a 
+5  (Nb)  cation.  The  B-site  cation  sublattice  that  the  Fe  (4-3) 
preferentially  occupies  will  have  a  significant  impact  upon  the 
charge  compensation  mechanism,  and  consequently  upon  the 
nature  of  the  defects  that  are  introduced  into  the  structure  that 
subsequently  interact  with  domains.  The  lack  of  changes  in 
the  mechanical  quality  factor  of  PMN-PT  with  increasing  Fe 
concentration  indicates  that  the  Fe  substituents  may  prefer  to 
occupy  the  lower  valent  sites. 

3.2.2  Mn-modified  PMN-PT 

To  induce  hard  characteristics  in  PMN-PT,  it  will  be  nec¬ 
essary  to  modify  the  base  composition  with  a  lower  valent 
substituent  on  a  higher  valent  site,  similar  to  that  for  PZT^>  In 
mixed  B-site  cation  materials,  identification  of  a  lower  valent 
substituent  is  not  straightforward,  as  discussed  above.  In  the 
course  of  this  work,  various  other  modified  PMN-PT  com¬ 
positions  were  fabricated.  Interesting  results  were  found  for 
Mn-modified  PMN-PT.  Data  are  shown  in  Figs.  5(a)-5(d)  for 
these  materials. 

Figure  5(a)  shows  the  mechanical  quality  factor  as  a  func¬ 
tion  of  Mn  concentration.  The  unmodified  base  composition 
had  a  2^  of  approximately  75,  as  reported  above.  Upon  mod¬ 
ification  with  one  at.%  Mn,  the  mechanical  quality  factor  in¬ 
creased  to  about  400.  Upon  further  increase  of  the  Mn  con¬ 
centration,  2m  peaked  at  about  600  for  x  =  2.2  at.%.  At 
higher  concentrations,  the  value  of  2m  decreased  slightly. 
Clearly,  the  mechanical  quality  factor  is  increased  signifi¬ 
cantly  by  Mn  modification.  The  increment  in  the  mechani¬ 
cal  quality  factor  indicates  that  the  PMN-PT  properties  may 
become  increasingly  hard  with  moderate  Mn  concentrations. 
The  hardening  of  piezoelectric  behavior  is  believed  to  occur 
due  to  a  pinning  of  domains  by  dipolar  defects  at  domain 
boundaiies.^^  Thus,  the  domain  boundaiies  cannot  dissipate 
mechanical/electrical  energies  under  weak  drives.  Before  di- 
electi'ic  or  mechanical  absorption  can  occur,  the  domain  de- 
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Fig.  5.  (a)  Mechanical  quality  factor  Qm.  (b)  piezoelectric  constant  (c)  elastic  constant  if,,  and  (d)  coupling  factor  kzi  of 
0.67Pb(Mgi /3Nb2/3)O3-0.33PbTiO3  with  jc  at.%  Mn. 


pinning  must  be  stimulated. 

Further  evidence  of  the  hardening  of  the  PMN-PT  elec¬ 
tromechanical  behavior  can  be  seen  in  Figs,  5(b>-5(d).  In 
Fig.  5(b),  the  piezoelectric  coefficient  (^31)  is  shown  as  a 
function  of  Mn  concentration.  With  increasing  Mn  con¬ 
centration,  the  value  of  dzi  can  be  seen  to  decrease  signifi¬ 
cantly.  Upon  the  increment  of  the  Mn  content  between  0  and 
1  at.%,  the  value  of  d^i  decreased  by  approximately  50%.  In 
Pb-based  perovskites,  the  piezoelectric  constant  at  room  tem¬ 
perature  is  believed  to  be  mainly  due  to  domain  wall  contri¬ 
butions.^®^  In  fact,  in  PZT,  Landau-Devonshire  analysis  has 
revealed  that  the  intrinsic  (single-crystal  single  domain)  re¬ 
sponse  can  account  for  only  about  20-25%  of  the  experi¬ 
mentally  observed  values.  The  remaining  portions  of  the 
piezoelectric  response  have  been  attributed  to  domain  wall 
contributions.  Consequently,  modification  of  PMN-PT  or 
PZT-based  compositions  with  impurities  and/or  defects  which 
tend  to  pin  domain  boundaries  will  result  in  dramatic  de¬ 
creases  in  the  piezoelectric  response.  In  fact,  hard  PZT  ma¬ 
terials  are  known  to  have  significantly  lower  electromechan¬ 
ical  performance  coefficients  for  this  particular  reason.  The 
data  shown  in  Fig.  5(b)  is  consistent  with  the  conjecture  that 
Mn  modification  results  in  a  partial  hardening  of  the  piezo¬ 
electric  behavior  of  PMN-PT.  Also,  the  elastic  compliance 
(.rfj)  is  shown  in  Fig.  5(c)  as  a  function  of  Mn  concentration. 
With  increasing  Mn  concentration,  the  elastic  compliance  was 
found  to  decrease  by  about  40%,  i.e.,  the  elastic  constant  stiff¬ 
ened.  Domain  boundary  motion  is  a  dissipative  phenomenon 


which  results  in  a  softening  of  the  elastic  constant,  as  is  well 
known  in  ferroelastic  and  martensitic  materials.®’  Thus,  the 
pinning  of  domain  boundaries  would  result  in  a  stiffening  of 
the  linear  elastic  constant.  In  general,  as  an  unrelaxed  elas¬ 
tic  modulus  (i.e.,  the  mechanical  quality  factor)  is  decreased, 
more  elastic  energy  can  be  stored  within  the  specimen  during 
a  cycle  of  a  field.®^  Consequently,  the  relaxed  modulus  (i.e., 
the  elastic  stiffness)  is  increased. 

The  electromechanical  coupling  coefficient  as  a  function 
of  Mn  concentration  is  shown  in  Fig.  5(d).  The  value  of 
the  coupling  coefficient  can  be  seen  to  vary  between  0  and 
3.2  at.%,  but  the  value  remains  in  the  vicinity  of  0.30.  The 
coupling  factor  does  not  decrease  with  increasing  Mn  con¬ 
centration  as  the  value  of  ^^33  is  decreased.  This  is  because 
the  elastic  constant  is  stiffened  as  the  piezoelectric  constant  is 
decreased.  Less  displacement  occuirs  under  electrical  drive 
in  the  Mn-modified  materials;  however,  the  displacement  has 
greater  force  due  to  the  enhanced  elastic  stiffness.  Thus,  the 
electromechanical  coupling  coefficient  between  stored  elec¬ 
trical  and  mechanical  energy  forms  is  not  significantly  al¬ 
tered. 

The  dielectric  responses  of  the  Mn-modified  PMN-PT 
specimens  are  shown  in  Fig.  6,  Figure  6(a)  shows  the  10“  Hz 
room  temperature  dielectric  constant  and  loss  as  a  function 
of  Mn  concentration.  The  dielectric  constant  and  dielec¬ 
tric  loss  factor  were  both  decreased  by  about  50%  with  in¬ 
creasing  Mn  concentration  between  0  and  3.2 at.%.  The 
temperature-dependent  characteristics  of  the  dielectric  con- 


4848  Jpn.  J.  Appl.  Phys.  Vol.  39  (2000)  Pt.  1,  No.  8 


Y.-H.  Chen  et  al. 


0.10 

0.08 

0.06 

0.04 

0.02 

0.00 


MS 

c 

ca 


Doping  Concentration  (aL%) 
(a) 


Tenure) 

(b) 


Temp  (°Q 

(c) 


40000 
35000 
#  30000 
1  25000 

I  20000 

.|  15000 

I  10000 

5000 
0 

0  100  200  300 

Temp  CQ 

(d) 


Fig.  6.  (a)  Relative  permittivity  and  dielectric  loss  of  0.67Pb(Mgi/3Nb2/3)O3-0.33PbTiO3  +  jcat.%  Mn  doping  at  100  Hz  at  room 
temperature,  (b)  Relative  permittivity  and  (c)  dielectric  loss  vs.  temperature  of  0.67PMN-0.33PT  with  x  at.%  Mn  doping  at  100  Hz. 
(d)  Relative  permittivity  of  PMN-PT  (67/33)  with  2.5  at.%  Mn  doping  (lower  curves)  and  without  doping  (upper  curves)  after  poling, 
at  frequencies  of  100, 1  k,  10  k,  and  100  kHz. 


Slant  for  these  specimens  are  shown  in  Fig.  6(b).  The  temper¬ 
ature  of  the  dielectric  constant  maximum,  which  is  the  effec¬ 
tive  phase-transition  temperature,  was  nearly  independent  of 
the  Mn  concentration.  However,  the  magnitude  of  the  dielec¬ 
tric  constant  was  significantly  altered  over  a  wide  temperature 
range.  In  the  temperature  range  below  about  150°C,  the  di¬ 
electric  constant  was  continuously  decreased  with  increasing 
Mn  concentration,  as  illustrated  in  Fig.  6(b).  In  the  tempera¬ 
ture  range  between  about  150°C  and  Tmax*  the  dielectric  con¬ 
stant  was  increased  by  Mn  modification.  However,  at  tem¬ 
peratures  above  ^axT  the  dielectric  constant  was  decreased 
by  Mn  modification.  Furthermore,  in  this  temperature  range, 
the  dielectric  constant  was  strongly  dependent  upon  small  Mn 
concentrations  (<1  at.%),  but  was  nearly  independent  of  fur¬ 
ther  increments  in  concentration. 

The  changes  in  the  Mn  dependence  of  the  dielectric  con¬ 
stant  with  temperature  might  be  explained  by  considering  the 
influence  of  pinning  upon  the  domain  dynamics.  In  the  lower 
temperature  range  (25-1 50°  C),  domains  may  be  pinned  by 
defects  induced  by  Mn  modification.  Increasing  Mn  concen¬ 
tration  then  results  in  enhanced  pinning  effects,  and  thus  a  re¬ 
duction  in  the  magnitude  of  the  dielectric  constant.  However, 
with  increasing  temperature,  the  thermal  energy  may  be  suf¬ 
ficient  to  cause  a  depinning  of  domains.  Over  a  narrow  tem¬ 
perature  range  near  Imax,  the  enhancement  of  the  dielectiic 


constant  by  Mn  modification  may  occur  due  to  the  dynamics 
of  domain  depinning  under  thermal  fluctuations.  Stronger  di¬ 
electric  losses  were  also  observed  in  this  temperature  range, 
as  shown  in  Fig.  6(c).  Enhanced  dielectric  absorption  with 
increasing  Mn  concentration  can  be  understood  on  the  basis 
of  the  domain  depinning  effects. 

The  suppression  of  the  dielectric  constant  near  and  above 
^max  by  Mn  modification,  which  was  nearly  independent  of 
concentration  for  jc  >  1  at.%,  may  reflect  the  influence  of 
defects/impurities  on  the  residual  nature  of  the  diffuse  phase 
transition  in  PMN-PT.  Further  evidence  in  support  of  this 
possibility  can  be  seen  in  Fig.  6(d),  which  shows  the  temper¬ 
ature  dependent  dielectric  data  taken  at  various  frequencies 
(100, 1  k,  10  k,  100  kHz)  for  undoped  and  Mn-modified  spec¬ 
imens  (jc  =  2.5  at,%).  In  the  unmodified  material,  a  slight 
frequency  dependence  was  observed  over  only  a  narrow  tem¬ 
perature  range  around  3m  ax*  However,  upon  Mn  modifica¬ 
tion,  much  stronger  frequency  dispersion  was  induced.  In 
PMN-PT  materials,  over  a  wide  range  of  PT  contents,  a  local 
polarization  is  known  to  persist  until  about  320°C."°^  The  data 
in  Fig.  6(d)  indicate  that  Mn  modification  results  in  changes 
in  the  local  polarization  formation  and  the  subsequent  dy¬ 
namics  of  the  polarization  fluctuations.  However,  Mn  does 
not  induce  relaxant  behavior  in  the  lower  temperature  states. 
Rather,  defect-domain  interactions  seem  to  occur  which  result 
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in  domain  pinning.  Further  evidence  of  domain  pinning  can 
be  found  in  the  strong  field  properties. 

3.3  Strong  field  properties  of  Mn-modified  PMN-PT 
3.3.1  Polarization  and  strain  behavior 

The  P-E  behaviors  are  shown  in  Figs.  7(a)~7(d)  for  x  =  0, 
1,  2.5,  and  3.2at.%  Mn,  respectively.  Correspondingly,  the 
S-E  behaviors  ai'e  shown  in  Figs.  7(e)-7(h).  With  increas¬ 
ing  Mn  concentration,  the  saturation  polarization  and  rema¬ 
nent  polarizations  are  decreased,  whereas  the  coercive  field 
is  increased.  These  results  are  consistent  with  the  conjec¬ 
ture  that  Mn  induces  a  degree  of  hardness  into  PMN-PT.  In 
hard  PZTs,  domain  pinning  by  dipolar  defects  internally  bi¬ 
ases  the  polarization.  Poling,  then,  results  in  the  development 
of  a  net  dipolar  field  and  an  asymmetric  hysteresis  loop.^*-^^ 
However,  in  the  quenched  state,  random  dipolar  fields  are  be¬ 
lieved  to  reduce  the  switchable  polarization,  as  can  also  be 
observed  in  Fig.  7.  Defect  pinning  enhances  the  squareness 
of  the  P—E  curves,  and  at  the  same  time  also  reduces  the 
switchable  polarization.  Under  low  to  moderate  drive  levels, 
reduced  energy  losses  will  be  incurred  under  the  cycling  of  an 
AC  electrical  field.  However,  if  a  threshold  field  is  exceeded 
and  domain  depinning  occurs,  the  amount  of  energy  lost  per 
cycle  will  increase  dramatically. 

The  hardening  of  the  P—E  behavior  with  increasing  Mn 
concentration  also  results  in  reduced  electrically  induced 
strains,  as  shown  in  Figs.  7(e)“7(h).  In  these  figures, 
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Fig.  7.  P-£  hysteresis  loop  of  0.67Pb(Mgi/3Nb2/3)O3-0.33PbTiO3  with 

(a)  0  at.%  Mn  (b)  I  at. Vo  Mn  (c)  2.5  at.%  Mn  (d)  3.2  at.%  Mn  and  the  strain 
vs.  electrical  field  for  (e)  Oai.%  Mn  (f)  1  at.Vo  Mn  (g)  2.5  at.%  Mn  (h) 
3.2ai.%  Mn. 


it  can  be  seen  that  the  saturation  strain  decreases  from 
~0.3%  to  0.2%  with  increasing  Mn  concentration  between 
0  and  3.2 at.%.  In  addition,  the  degree  of  hysteresis  in  the 
butterfly-like  loops  is  also  significantly  increased,  and  sim¬ 
ilarly  the  value  of  the  piezoelectric  coefficient  was  reduced 
[see  Figs.  7(a)-7(d)].  These  results  demonstrate  that  increas¬ 
ing  “hardness”  in  PMN-PT  ceramics  results  in  decreased 
electromechanical  performance.  Higher  mechanical  quality 
factors  and  lower  energy  dissipations  may  be  achieved  un¬ 
der  low  to  moderate  drives  with  increasing  Mn  concentration; 
however,  electromechanical  performance  is  also  degraded. 
Similar  trade-offs  exist  in  modified  PZT  ceramics  between 
hard  and  soft  varieties. 

3.3.2  Amplitude-dependent  electromechanical  properties 
For  a  longitudinal  dsi  mode  in  which  both  ends  of  the  sam¬ 
ple  are  mechanically  free,  the  relationship  between  vibration 
velocity  v  and  the  driving  field  Edo  can  be  written  as  given  in 
the  following  equation: 

—  ArEdo  "1“  =  0  (1) 


and 


V  = 


AtEdo 

Z~ 


-,/Sfc3iQ£,o. 

Try  P 


(2) 


where  A  is  the  force  factor,  t  is  the  thickness,  Z  is  the  me¬ 
chanical  impedance  at  the  end  of  the  sample,  p  is  the  density, 
£33  is  the  relative  permittivity  at  constant  stress,  and  ksi  is 
the  coupling  factor.  From  the  resonance  frequency  and  the 
maximum  displacement  at  the  ends  of  the  specimen,  the 
vibration  velocity  (v)  can  be  estimated  by  the  following  equa¬ 
tion: 


V  =  — 

V2 


(3) 


Figure  8  shows  the  room-temperature  impedance  spectra 
for  PMN-PT  modified  with  3.2 at.%  Mn.  Data  are  shown  for 
various  vibration  velocities.  This  data  was  obtained  using  the 
constant  current/displacement  method,  which  is  illustrated  in 
Fig.  1. 

The  impedance  spectra  in  Fig.  8  clearly  demonstrate  sig¬ 
nificant  changes  with  increasing  vibration  velocity.  The  vi¬ 
bration  velocity  is  linearly  proportional  to  the  AC  electrical 
drive  field.  With  increasing  vibration  velocity,  the  minimum 
in  the  impedance  is  shifted  in  frequency.  The  frequency  of 


Fig.  8.  Impedsince  spectrum  of  0.67Pb(Mg  1  p  Nb2/3  )O3-0.33PbTiO3  4-3 .2  at. 
Mn  with  different  vibration  velocities  .v  m/s  at  room  temperature. 
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minimum  impedance  represents  a  characteristic  frequency  at 
which  the  amplitude  displacement  is  most  susceptible  to  small 
electrical  drives.  At  low  vibration  velocities,  the  resonance 
frequency  did  not  shift  significantly  with  increasing  veloc¬ 
ity  in  the  range  of  0.027  to  0.041  m/s,  although  significant 
changes  in  impedance  were  observed.  However,  with  increas¬ 
ing  vibration  velocity  between  0.041  and  0.122  m/s,  signifi¬ 
cant  changes  in  both  the  frequency  and  impedance  were  ob¬ 
served.  With  further  increments  in  the  diive  velocity,  signifi¬ 
cant  changes  in  frequency  were  observed,  although  the  mag¬ 
nitude  of  the  impedance  was  not  changed  significantly.  Also, 
changes  in  the  curvatures  of  the  impedance  spectra  can  be 
seen  with  increasing  vibration  velocity. 

These  results  clearly  indicate  the  presence  of  nonlinearities 
in  the  complex  elastic  response,  which  are  stimulated  under 
electrical  drive.  The  shift  in  the  characteristic  frequency  in¬ 
dicates  the  presence  of  higher  order  elastic  constants.  The 
shifting  to  lower  frequencies  is  due  to  a  softening  of  the  elas¬ 
tic  stiffness  under  excitation.  The  changes  in  the  impedance 
magnitude  reflect  changes  in  the  drive  amplitude  required  to 
achieve  a  constant  displacement.  The  decrease  in  the  changes 
in  impedance  at  higher  drive  levels  indicates  the  occurrence 
of  a  positive  third-order  nonlinear  damping.  However,  to  be 
more  accurate,  it  is  necessary  to  calculate  the  dependence  of 
the  elastic  constant  and  mechanical  quality  factor  on  the  vi¬ 
bration  velocity.  To  achieve  this,  we  used  eq,  (4)  to  calculate 
the  observed  mechanical  quality  factor  2ni  near  the  resonance 
frequency,  where  Vd  is  the  driving  voltage  at  a  frequency  fi 
f2  =  /r’//i,  Vdo  is  the  driving  voltage  at  the  resonance 


(a) 


frequency  /r,  and  /cp  is  then  equal  to  (Vd  -  Vdo) /  Vdo'- 

f  — 

*2“"  =  (4) 

Figure  9(b)  shows  the  dependence  of  the  resonance  fre¬ 
quency  on  the  vibration  velocity.  This  data  could  have  also 
been  shown  as  a  function  of  AC  electrical  drive,  because  the 
driving  voltage  is  linearly  proportional  to  the  vibration  ve¬ 
locity  for  low  field  and  becomes  nonlinear  when  the  field  be¬ 
comes  large,  as  shown  in  Fig.  9(a).  From  the  data  in  Fig.  9(b), 
the  corresponding  data  for  the  dependence  of  the  elastic  com¬ 
pliance  was  calculated,  as  shown  in  Fig.  9(c).  In  both  fig¬ 
ures,  data  are  shown  for  specimens  with  various  Mn  concen¬ 
trations.  In  these  figures,  the  elastic  stiffness  (and  the  reso¬ 
nance  frequency)  can  be  seen  to  increase  with  increasing  Mn 
concentration.  Similar  results  were  shown  earlier,  in  §3.2. 
The  data  also  reveals  that  the  elastic  stiffriess  decreases  with 
increasing  vibration  velocity  for  all  specimens  investigated. 
However,  the  degree  of  elastic  nonlinearity  was  decreased  sig¬ 
nificantly  with  increasing  Mn  concentration. 

Figure  9(d)  shows  the  dependence  of  the  mechanical  qual¬ 
ity  factor  on  the  vibration  velocity  for  specimens  with  vari¬ 
ous  Mn  concentrations.  For  the  base  composition,  the  value 
of  2m  was  low  and  decreased  from  ~75  to  35  with  increas¬ 
ing  vibration  velocity  between  0.04  and  0.1  m/s.  In  the  vibra¬ 
tion  velocity  range  investigated,  no  threshold  was  found  be¬ 
low  which  nonlinearity  in  2m  did  not  occur.  However,  these 
trends  were  significantly  altered  by  Mn  modification.  For  Mn 
concentrations  greater  than  or  equal  to  1  at.%,  the  value  of 
2m  was  dramatically  increased  and  a  pronounced  threshold 


Fig.  9.  (a)  Vibration  velocity  vs.  driving  voltage;  (b)  resonance  frequency,  (c)  compliance  elastic  constant,  and  (d)  mechanical  quality 
factor  (2m  vs.  vibration  velocity  of  0.67Pb(Mgi/3Nb2/3)O3-0.33PbTiOj  -t-.vat.%  Mn. 
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in  the  vibration  velocity  was  observed  below  which  nonlin¬ 
earity  in  gm  was  not  found.  This  threshold  velocity  was  equal 
to  ~0,1  m/s,  and  was  not  observed  to  be  dependent  upon  the 
Mn  concentration  for  1  <  .r  <  3.2at.%.  With  increasing 
the  vibration  velocity  above  that  of  the  threshold,  the  value 
of  Qm  decreased  rapidly,  beginning  to  approach  that  of  the 
base  composition  for  higher  drive  levels.  Also,  the  value  of 
2m  was  different  for  the  various  Mn-modified  compositions 
at  a  constant  drive  level,  however  the  degree  of  change  in 
with  increasing  the  drive  level  was  relatively  constant. 

We  believe  that  the  nonlinearities  in  2m  and  in  the  elastic 
stiffness  can  be  best  explained  by  considering  the  domain  dy¬ 
namics  and  domain  pinning  effects.  As  discussed  in  §3.2,  me¬ 
chanical  damping  is  incurred  due  to  domain  wall  vibrations. 
Nonlinearity  in  2m  occurs  when  the  domain  wall  dynamics 
are  driven  by  external  excitation.  Consequently,  the  relaxed 
modulus  (i.e.,  the  elastic  stiffness)  is  decreased,  as  less  elas¬ 
tic  energy  can  be  stored  within  the  specimen  during  the  cycle 
of  a  field.  In  the  base  composition,  domain  pinning  effects 
may  not  occur.  Consequently,  no  threshold  vibration  veloc¬ 
ity  is  observed.  However,  in  Mn-modified  materials,  before 
domain  dynamics  can  be  excited,  domain  breakaway  (depin- 
ning  domains  from  defects)  must  be  driven  by  the  external 
field.  Consequently,  the  mechanical  quality  factor  would  be 
high  at  low  and  moderate  drive  levels,  but  would  decrease 
significantly  as  a  critical  field  level  is  surpassed. 

The  data  in  Fig.  9  provide  important  information  concern¬ 
ing  the  role  of  Mn  in  PMN-PT  ceramics.  The  nonlinear  com¬ 
plex  elastic  data  provide  the  strongest  support  presented  in 
this  paper  concerning  the  occurrence  of  domain  pinning  ef¬ 
fects.  This  data  also  clearly  underscores  the  limitations  of 
these  materials  in  applications  requiring  high-power  density, 
high- 2  materials.  Our  materials  do  have  an  improved  combi¬ 
nation  of  properties,  i.e.,  a  high  2m  and  good  electromechan¬ 
ical  properties.  However,  the  operational  range  over  which 
these  optimized  properties  can  be  realized  is  limited,  as  the 
hard  characteristics  induced  in  the  PMN-PT  are  degraded 
with  increasing  drive  amplitude.  The  degradation  of  2m  with 
increasing  drive  amplitude  will  also  result  in  heat  generation 
and  thermal  stability  problems,  which  will  also  limit  the  usage 
of  the  materials  as  high-power  sources. 

3.3.3  Heat  generation  and  thermal  stability  considerations 

Heat  generation  is  one  of  the  serious  problems  for  materials 
under  high-level  drive  conditions.  The  temperature  rise,  AT, 
resulting  from  heat  generation  and  dissipation  effects  can  be 
expressed  as  follows: 


Ar  = 


(OrW 

~k{T)A 


il-e-h 


(5) 


where  W  is  the  loss  of  energy  of  the  sample  per  driving  cy¬ 
cle,  (Or  is  the  resonant  angular  frequency,  A  is  the  surface  of 
the  sample,  kiT)  is  defined  as  the  overall  heat- transfer  coeffi¬ 
cient,  and  the  time  constant  t  is  expressed  as: 


Me 

^  k(T)A’  ^  ^ 

where  M  is  the  mass  of  the  sample,  and  c  is  the  specific  heat. 
As  t  oo,  the  maximum  temperature  rise  in  the  sample 
becomes 
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The  dissipated-vibration-energy  per  second,  a>rW,  can  then 
be  calculated  as  follows: 

=  (8) 

U=\KYlSiV  (9) 

5m  =  ^  (10) 

=  (11) 

where  U,  u,  Sm,  /,  V,  p,  and  k  are  the  stored  mechanical  en¬ 

ergy,  the  vibration  velocity,  the  maximum  strain,  the  vibrator 
length,  the  volume,  the  density  and  the  shape  factor,  respec¬ 
tively.  The  shape  factor  depends  on  the  vibrator  shape  and  the 
vibration  mode. 

Figure  10  shows  the  the  saturation  temperature  rise  induced 
by  the  mechanical  damping  as  a  function  of  the  vibration  ve¬ 
locity.  The  saturation  temperature  was  determined  by  balanc¬ 
ing  the  heat  generated  by  the  mechanical  dissipation  process 
and  that  heat  radiated  after  a  period  of  time  while  the  sam¬ 
ple  was  being  driven  under  particular  vibrational  velocities. 
From  eqs.  (7)  and  (8),  it  can  be  seen  that  the  temperature  rise 
is  proportional  to  the  square  of  the  vibrational  velocity  and 
inversely  proportional  to  the  mechanical  quality  factor.  Be¬ 
cause  the  mechanical  quality  factor  2in  dropped  significantly 
for  vibrational  velocities  greater  than  0,2  m/s,  the  temperature 
rise  increased  rapidly,  as  shown  in  Fig.  10.  For  a  vibrational 
velocity  of  0.2  m/s,  the  temperature  rise  was  equal  to  approxi¬ 
mately  20° C  for  all  Mn-mqdified  specimens.  This  is  large,  but 
is  a  significant  improvement  over  that  for  the  base  PMN-PT 
composition,  which  will  induce  similar  temperature  rises  at 
significantly  lower  vibrational  velocities. 

Considering  that  the  dielectric  loss  frictor  increases  with 
increasing  temperature  [see  Fig.  5(c)],  the  temperature  rise 
induced  by  higher  vibrational  velocities  shown  in  Fig.  10 
presents  a  serious  problem  for  thermal  stability  conditions. 
For  example,  assuming  a  vibrational  velocity  of  0.2  m/s,  a 
temperature  rise  of  20°C  is  encumbered.  This  temperature 
rise  results  in  an  increase  in  the  dielectric  loss  factor,  and  con¬ 
sequently  the  mechanical  quality  factor.  In  turn,  this  will  in¬ 
crease  the  temperature  rise,  according  to  eq.  (8),  resulting  in 
yet  higher  loss  factors  and  lower  quality  factors.  For  applica¬ 
tions  such  as  high-power  transducers,  this  presents  a  serious 
heat  flux/dissipation  problem. 

Our  results  are  important  in  that  they  show  significantly 
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Fig.  10.  Temperature  rise  vs,  vibration  velocity  of  0.67Pb(Mgl/3Nb2/3)O3- 
0.33PbTiO3  +  .Y  at.%  Mn. 
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improved  mechanical  quality  factors  in  PMN-PT  ceramics 
which  are  induced  by  Mn  modification.  Under  high  exci- 
tation  levels,  the  mechanical  quality  factor  is  seriously  de¬ 
graded.  Mn-modified  PMN-PT  ceramics  have  promise  for 
improved  performance  under  moderate  drive  conditions  as 
high-performance  transducers  and  actuators.  However,  the 
mechanical  quality  factor  and  the  nonlinearities  induced  by 
increasing  the  vibrational  velocity  are  still  inferior  to  those 
found  in  commercially  available  hard  PZT  materials,  but  the 
modified  PMN-PT  compositions  developed  in  this  investiga¬ 
tion  have  superior  electromechanical  properties. 

4.  Summary 

In  this  paper,  investigations  of  the  influence  of  Mn  and  Fe 
substituents  on  the  electromechanical  properties  of  PMN-PT 
were  performed.  These  substituents  have  conventionally  been 
used  to  make  PZT  electrically  harder.  The  purpose  of  the 
work  was  to  develop  high-performance  PMN-PT  ceramics 
with  significantly  improved  mechanical  quality  factors  for 
higher  power  transducer  applications.  Our  results  show  that 
Fe  substituents  do  not  significantly  affect  the  properties  of 
PMN-PT,  as  commonly  occurs  in  PZT.  However,  Mn  sub¬ 
stituents  significantly  improve  the  mechanical  quality  factor, 
although  its  piezoelectric  constant  is  partially  compromised 
in  relation  to  the  base  composition.  Investigations  of  the  vi¬ 
brational  amplitude  dependence  of  the  mechanical  factor  re¬ 
vealed  a  serious  decrease  with  increasing  the  displacement 
magnitude.  Mn-modified  PMN-PT  has  significant  promise 
for  high-power  applications.  However,  it  will  be  necessary 
not  to  exceed  a  critical  operational  power  level  in  order  to  re¬ 
duce  the  total  losses  and  subsequent  heat  generation. 
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Improved  piezoeleciric  materials  with  higher  vibrational  velocities  are  needed  to  meet  the  demands  of  advanced  high  power 
electromechanical  applications.  In  this  paper,  the  effects  of  Eu  and  Yb  substituents  on  the  vibrational  velocity  and  the  piezo¬ 
electric  properties  of  Pb(Zr,Ti)03-Pb(Mn,  Sb)03  ceramics  will  be  reported.  Both  of  these  substituents  resulted  in  a  significant 
increase  in  the  mechanical  quality  factor  Qmi^  decrease  in  the  dielectric  constant,  and  improvements  in  the  electromechanical 
properties.  Root  mean  square  value  (rms  value)  of  vibration  velocity  as  high  as  1.0  m/s  under  an  electric  field  of  lOkV/m 
(rms  value)  has  been  found  for  Yb-substituted  specimens,  which  is  1.7  limes  higher  than  that  of  Pb(Zr,Ti)03-Pb(Mn,  SblOa 
ceramics  and  3  times  higher  than  that  of  the  commercialized  hard  Pb(Zr,Ti)03  ceramics. 

KEYWORDS:  high  power,  piezoelectric,  maximum  vibration  velocity,  doping,  Pb(Zr,  71)03— Pb(Mn.  Sb)03i  rare  earth  metals. 


1.  Introduction 

The  high-power  characteristics  of  piezoelectric  materi¬ 
als  have  recently  been  investigated  for  device  applications 
in  ultrasonic  motors,  piezoelectric  actuators  and  piezoelec¬ 
tric  transformers.^’^^  To  achieve  the  requirements  of  these 
high-power  applications,  higher  vibrational  levels  and  veloc¬ 
ities  (uo)  at  lower  AC  electric  fields  are  required.  Currently, 
the  practical  upper-limit  of  vibrational  velocity  is  restricted  by 
heat  generation,  as  above  a  certain  vibrational  level  increasing 
hysteietic  effects  result  in  thermal  instabOity.  Consequently, 
approaches  to  enhance  the  maximum  ribration  velocity  are  an 
important  issue,  which  to  date  has  proven  difficult  to  achieve. 
However,  it  is  known  that  the  dissipation  of  vibrational  energy 
is  due  to  internal  fitiction  effects  associated  with  domain  dy¬ 
namics  and/or  nucleation.  Accordingly,  heat  generation  under 
drive  can  be  represented  as  a  function  of  vibration  velocity 
and  other  material  constants. 

The  vibrational  velocity  vq  is  proportional  to  the  product 
of  the  mechanical  quality  factor  Qm  and  the  electromechan¬ 
ical  coupling  factor  Jt,  for  example,  uq  oc  for  a  rect¬ 

angular  plate  working  under  d^i  mode.^^  Consequently,  for 
high-power  applications,  a  piezoelectric  material  is  needed 
which  has  simultaneously  both  high  Qm  and  fcsi  values.  Pre¬ 
vious  investigations  of  Pb(Zr,Ti)03  (PZT)  have  reported  that 
Vo  is  increased  by  lower  valent  substituents  (for  example,  Fe 
on  the  B-site),  whereas  it  is  decreased  by  higher  valent  ones 
(for  example,  Nb  on  the  B-site).^^  However,  practically,  the 
development  of  a  material  with  significantly  higher  values  of 
Vo  has  been  in  vain,  as  previous  investigations  have  shown  that 
either  or  can  be  enhanced  only  at  the  expense  of  the 
other.  Generally,  substituents  can  be  categorized  into  three 
classifications:^"^^  lower  valent  (effective  acceptors),  higher 
valent  (effective  donors),  and  isovalent.  substituents  with 
lower  valence  introduce  “hard”  piezoelectric  characteristics, 
while  higher  valent  substituent  induce  “soft”  ones.  “Hard” 
piezoelectrics  have  higher  2m  values,  but  lower  /C31  values. 
On  the  other  hand,  “soft”  piezoelectrics  have  lower  2m 
ues,  but  higher  values. 

Interestingly,  Cr*^’^  and  substituents  have  previously 


been  reported  to  induce  some  attributes  of  “hard”  and  “soft” 
piezoelectric  characteristics.^®^  However,  further  investiga¬ 
tions  have  not  been  reported.  Investigations  of  rare-earth  (RE) 
substituents  on  piezoelectric  properties  have  in  general  not 
been  reported.  Although,  Hagimura  et  ai  have  reported  that 
RE  elements  smaller  than  0.938  A  increase  the  coercive  field 
(£c)  and  field-induced  strain  (e)  of  PZT  ceramicq^”^  re¬ 
ports  have  been  published  concerning  the  effects  of  rare  eartn 
species  on  the  piezoelectric  vibration  velocity. 

Pseudo-ternary  crystalline  solutions  of  Pb(Zr,Ti)03- 
Pb(Mn,  Sb)03  have  been  reported  to  have  significantly  higher 
electromechanical  coupling  factors,  higher  mechanical  qual¬ 
ity  factors  and  higher  maximum  vibration  velocities  than 
p^  i2.i3)  jjrj  system,  a  maximum  vibration  velocity  (de¬ 
fined  by  an  rms  value  which  raises  the  temperature  to  20®C 
above  room  temperature)  of  0.6  m/s  has  been  found. 

The  work  presented  in  this  paper  focuses  on  optimizing  the 
vibration  velocity  of  Pb(Zr,  'n)03“Pb(Mn.  SblO-*.  The  RE'^^ 
species  Eu”*"^  and  Yb'^^  were  chosen  ^  as  substituentaTTBe 
ionic  radii  Of  Eu^  and  Yb^  are  smaller  than  that  of  Pb*"^, 
but  bigger  than  any  of  the  various  B-site  species.  Thus,  no 
preferred  site-occupancy  forEu^*^  and  Yb^*^  would  seemingly 
exist,  rather  substitution  on  both  site  might  be  expected.  The 
results  demonstrate  a  new  promising  material  for  high  power 
application  with  a  maximum  vibration  velocity  of  1.0  m/s. 

2.  Experimental 

We  have  chosen  a  base  composition  of 
0.90Pb(Zro.52rio.48)03-0.10Pb(Mni/3Sb2/3)03,  follow¬ 
ing  a  previous  publication. The  following  RE^"^  mod¬ 
ified  compositions  were  synthesized  by  conventional 
mixed  oxide  processing:  (i)  0.90Pb(2^o.52’Tlo.48)O3~ 

0.10Pb(Mni/3Sb2/3)O3-Jrat.%  Eu  (.v  =  0.2, 4, 6),  and  (ii) 
0.90Pb(Zro.52T5o.48)03-0.10Pb(Mn,/3Sb2/3)03-.vat.%  /t 
(y  =  0. 2, 4.  6).  The  sintered  samples  were  cut  into  redan- 
gular  plates  of  dimensions  42  mm  x  7  mm  x  1  mm.  Gold 
sputtering  was  used  to  deposit  electrodes  on  both  surfaces. 
Then,  the  specimens  were  poled  under  2.5  kV/mm  for  15  min 
at  130°C  in  silicon  oil.  All  electrical  measurements  were 
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Fig.  4.  (a)  Mechanical  quality  factor  (2™  (b)  Dielectric  constant  K  (c)  Coupling  factor  Jtai  (d)  Piezoelectric  constant  d^i  (e)  Elastic 
compliance  of  O.QOPZM.IOPMS  with  0, 2, 4, 6aL%  Yb. 


concentration.  It  was  found  that  Tc  dropped  a  little  with  Eu 
or  Yb  doping,  and  Tc  value  decreased  from  290“C  to  about 
260®C  and  250®C,  respecdvely.  This  insignificant  Curie  tem¬ 
perature  drop  implies  that  the  increase  in  ^31  could  be  mainly 
contributed  by  Eu  or  Yb  doping. 

Another  intriguing  behavior  of  Eu  and  Yb  doping  is  shown 
in  Figs.  3(e)  and  4(e).  With  2al.%  Eu  and  Yb  doping,  the 
elastic  compliance  of  the  Pb(Zr,  'n)03~'Pb(Mn,  Sb)03  ceram¬ 
ics  has  been  decreased  first,  i.e„  the  elastic  constant  stiffened, 
then,  it  went  up  to  8.8  x  10“*-  m^/N  and  9.2  x  10“*-  mVN, 
respectively,  with  further  increasing  doping  concentration. 

In  general,  substituents  that  increase  the  piezoelectric  con¬ 
stant  and  electromechanical  coupling  coefficient  are  said  to 
induce  “soft”  piezoelectric  characteristics.^"^^  Accordingly, 
the  increase  of  d^i  and  /C31  upon  Eu  and  Yb  substitution 
indicate  that  these  species  induce  some  degree  of  “soft” 
piezoelectric  characteristics.  Comparisons  of  the  results 
in  Figs.  3  and  4  indicate  an  unique  effect  of  RE*'*’*"  sub¬ 
stituents  in  PZT-PMS,  as  both  Eu"^^  and  Yb"^*^  introduce 
combinatory  “hard”  and  “soft”  piezoelectric  characteristics. 


Fig.  5.  Curie  Temperature,  of  0.90Pb(Zroj2Tio.48)03“ 
0.10Pb(Mni/3Sb2/3)O3  with  xal.%  Eu  {x  =  0,  2.  4.  6),  vaC^c  Yb 
(y  =  0, 2. 4. 6). 

Combinatory  attributes  of  “hard”  and  “soft”  piezoelectric 
characteristics  have  previously  been  reported  in  Cr*^^  and 
substituted  PZT.*“^  Furthermore,  recent  investigations 
of  PZT-Pb(Mgi/3Nb2/3)03  have  shown  that  Cr'*"-^  also  intro- 
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duces  combinatory  characteristics  “hard”  and  “soft”  piezo¬ 
electric  characteristics. 

Here,  one  possible  explanation  to  understand  these  partic¬ 
ular  characteristics  is  proposed  as  following.  “Hard”  piezo¬ 
electric  characteristics  are  believed  to  be  due  to  pinning  of 
domains  by  dipolar  fields  of  defect  complexes.^^*^^*^®^  Fine 
“wavy”  domains  have  previously  been  reported  in  these  types 
of  materials.^^  Accordingly,  polarization  pinning  is  found  in 
polarization-electric  Field  (P-E)  curves.  Defect  complexes 
form  because  of  enhanced  transport  due  to  charge  compensa¬ 
tion  by  oxygen  vacancies.^^’^^*^®^  Oxygen  sites  are  relatively 
large  and  interconnected  Thus,  defect  species  can  remain 
relatively  mobile  until  temperatures  below  the  ferroelectric 
phase  transformation  Tg.  Accordingly,  it  is  believed  that  point 
defects  diffuse  to  domain  boundaries  and  form  extended  de¬ 
fect  structures  that  have  dipolar  fields  that  pin  the  polariza¬ 
tion.  “Soft”  piezoelectric  characteristics  are  believed  to  be 
due  to  defects  of  the  random-field  type,^^*^^’^®^  as  originally 
proposed  by  Imry  and  These  defects  are  quenched-in 
as  randomly-distributed  point  defects  from  temperatures  sig¬ 
nificantly  above  Tc.  Accordingly,  the  long-range  polar  inter¬ 
actions  are  disturbed,  and  the  defect-free  regions  are  relatively 
small.  Recent  investigations  have  shown  that  under  electric 
field  polarization  irregularities  are  excited  inside  of  the  do¬ 
main  in  the  vicinity  of  quenched  random-fields,^®^  producing 
the  “soft”  characteristics.^*^ 

The  results  in  this  section  demonstrate  that  species 
play  a  unique  role  inducing  combinatory  “hard”  and  “soft” 
piezoelectric  properties.  Combinatory  “hard”  and  “soft”  char¬ 
acteristics  would  require  that  defects  are  non-randomly  dis¬ 
tributed  as  extended  structures  (i.e.,  “hard”)  and  at  the  same 
time  exist  as  randomly  quenched-in  point  defects  (i.e.,  “soft”). 
These  are  contradictory  situations,  which  at  least  in  simple 
systems  can  not  be  simultaneously  satisfied. 

Only  in  the  presence  of  a  multi-substitution  (Eu^"*'  or 
with  Mn  and  Sb  was  combinatory  “hard”  and  “soft”  charac¬ 
teristics  found.  We  believe  that  multi-substitution  is  necessary 
in  order  to  induce  combinatory  characteristics.  Also,  we  be¬ 
lieve  that  the  RE^"*"  species  must  be  of  the  correct  intermedi¬ 
ate  ionic  size  to  occupy  both  A-  and  B-site  positions,  without 
preference.  In  this  case,  more  complicated  extended  defect 
structures  would  be  possible,  due  to  the  number  of  species 
that  can  be  involved  and  the  positions  they  can  occupy.  Then, 
small  concentrations  of  Eu^*^  or  Yb^'*’  residing  on  the  B-sites 
could  significantly  enhance  the  defect  dipole  moments,  re¬ 
sulting  in  a  more  highly  pinned  polarization  and  reduced  do¬ 
main  boundary  losses.  At  the  same  time,  small  concentra¬ 
tions  of  the  RE  species  could  reside  on  the  A-sites,  resulting 
in  quenched  random  fields  in  the  vicinity  of  point  defects  that 
subsequently  create  polarization  irregularities  within  the  do¬ 
main  regions  between  regions  of  defect  complexes,  resulting 
in  enhanced  c/31  and  k^i  values. 

Accordingly,  at  moderate  drive  levels  for  E  <  Ec 
would  be  higher  due  to  lower  domain  boundary  contribu¬ 
tions,  whereas  c/31  and  ^31  would  also  be  higher  because  of 
the  excitations  of  structural  irregularities  in  the  vicinity  of 
quenched  random  fields.  Recent  investigations  of  oriented 
single  crystals  of  PMN-PT  have  revealed  a  previously  unre¬ 
alized  type  of  polarization  mechanism  where  large  changes  in 
strain  can  occur  with  low  hysteretic  losses.'-'"*''^  Investigations 
by  Viehland-'**  and  by  Egami  et  have  indicated  an  inho- 


mogenous  polarization  process  in  the  presence  of  quenched 
random-fields  where  polarization  “rotation”  occurs  by  meso- 
scale  structures  with  hierarchial  symmetries.  To  achieve  op¬ 
timum  performance  in  a  polycrystalline  material  (i.e.,  higher 
c/31  and  !2m).  domain  boundaries  must  be  strongly  pinned  to 
prevent  boundary  mobility  under  moderate  drives  (E  <  Ec). 
In  addition,  a  relatively  high  concentration  of  quenched  ran¬ 
dom  fields  is  needed  in  order  to  enhance  structural  irregulari¬ 
ties  within  the  domains  allowing  for  ease  of  polarization  “ro¬ 
tation”. 

The  results  of  this  section  demonstrate  the  importance  of 
defect  engineering  of  domain  stability.  However,  to  more  pre¬ 
cisely  identify  the  structure  of  the  defect  complexes  responsi¬ 
ble  for  property  optimizations,  local  structural  and  chemical 
probes  are  necessary. 

3.3  High  field  properties 

For  a  longitudinal  sample,  driven  under  the  dz\  mode,  with 
both  ends  mechanically  free,  the  relationship  between  the  vi¬ 
brational  velocity  vq  and  the  effective  driving  field  (i.e.,  the 
mas  value)  can  be  written  as  given  in  eq.  (2): 

—At  Efio  -h  Zvo  =  0  (2) 

where  A  is  the  force  factor,  t  is  the  thickness,  and  Z  is  the  me¬ 
chanical  impedance.  Thus,  Vo  can  be  represented  as  a  ftinction 
of  £do  as  given  in  eq.  (3): 


where  p  is  the  density,  and  sj^  is  the  permittivity. 

From  eq.  (3),  it  can  be  seen  that  v©  is  proportional  to  the 
product  Edok^iQm-  Accordingly,  to  have  the  highest  vibra¬ 
tion  velocity  possible,  it  is  essential  to  have  a  combination 
of  both  high  Qm  and  high  ^31.  However,  to  achieve  simul¬ 
taneous  high  values  of  (2m  and  /C31  is  against  conventional 
concepts  of  “hard”  and  “soft”  piezoelectric  characteristics. 
But,  the  results  in  the  previous  section  demonstrate  the  ex¬ 
istence  of  such  combinatory  charactaistics  in  RE^  modified 
PZT-PMS.  Consequently,  the  high  field  properties  of  these 
materials  were  investigated. 

Figures  6  and  7  show  uq  as  a  function  of  the  electric  field 
(£ac»  nns  value)  of  Pb(Zr,Ti)03-Pb(Mn,Sb)03  for  various 
Eu  and  Yb  concentrations,  respectively.  Data  are  shown  in 
both  figures  for  x  =  0,  2, 4,  and  6  at,%.  Under  relatively  low 
driving  fields  (<l(y*  V/m),  v©  was  nearly  proportional  to  £ac* 
With  increasing  £aci  saturation  in  the  value  of  u©  started  to 
become  evident.  This  saturation  was  due  to  a  decrease  in  Qm 
with  increasing  £ac  above  a  critical  vibrational  level,  as  well 
as  heat  generation.  At  £  =  1.0  x  10"*  V/m  (rms  value),  u© 
was  found  to  be  as  high  as  1.0  m/s  (rms  value)  for  a  specimen 
with  2at.%  Yb.  This  was  the  highest  value  observed  during 
this  investigation.  At  higher  Yb  concentrations,  v©  decreased 
slightly  but  remained  significantly  higher  than  that  of  the  base 
PZT-PMS  ceramic  which  had  a  value  of  0.62  m/s  (rms  value) 
at  the  same  drive  level.  Strong  enhancements  in  vq  were  also 
observed  upon  Eu  substituion.  In  this  case,  a  maximum  u©  of 
0.92  m/s  was  found  at  x  =  4at.%  and  £  =  1.0  x  10**  V/m 
(rms  value).  Again,  at  higher  substituent  concentration,  u© 
decreased. 

Above  a  certain  vibrational  level,  the  increase  in  tempera- 


Fig.  3.  (a)  Mechanical  quality  factor  (b)  Dielectric  constant  K  <c)  Coupling  factor  k^i  (d)  I’ic/joclectric  constant  d^i  <e)  Elastic 
compliance  of  0,90PZT-0.10PMS  with  0, 2,4, 6ai.7c  Eu. 


to  influences  on  ferroelectric  and  piezoelectric  responses. 

3.2  Low  field  behavior 

Figures  3(a)  and  4(a)  show  j2m  as  a  function  of  x  (atomic 
ratio)  for  Eu  and  Yb  substituents,  respectively.  Both  Eu  and 
Yb  substituents  increased  Qm  significantly,  from  -1150  to 
—  350  with  increasing  x.  However,  with  increasing  Yb  con¬ 
centration,  exhibited  a  maximum  nearx  =  0.04  and  then 
decreased  slightly  upon  further  increment  of  x,  whereas  with 
increasing  Eu  concentration  increased  continuously  over 
the  range  investigated.  Figures  3(b)  and  4(b)  show  the  dielec- 
tnc  constant  as  a  function  of  x  (atomic  ratio)  for  Eu  and  Yb 
subsituents  in  PZT-PMS,  respectively.  A  significant  decrease 
in  I  e  dielectric  constant  K  was  observed  with  either  increas¬ 
ing  Eu  or  Yb  concentrations. 

Previous  investigations  have  demonstrated  that  PZT-PMS 
has  “hard"  piezoelectric  characteristics. '2.  i?)  The  data  pre¬ 
sented  in  Figs.  3(a),  3(b)  and  Figs.  4(a),  4(b)  demonstrates 


that  Eu  or  Yb  substituents  increase  the  degree  of  “hard”  char¬ 
acteristics,  as  mechanical  quality  factor  was  increased  and  di¬ 
electric  constant  was  decreased.  “Hardening”  of  piezoelec¬ 
tric  behavior  is  believed  due  to  the  interaction  between  do¬ 
main  wall  and  acceptor  impurity-oxygen  vacancy  dipoles.^^^ 
Accordingly,  an  internal  bias  field  would  pin  ferroelectric  do¬ 
mains,  decreasing  their  contribution  to  the  total  permittivity 
and  loss  factors. 

Figures  3(c)  and  4(c)  show  /:3i  as  a  function  of  Eu  and 
Yb  concentrations,  respectively.  Upon  increment  of  the  Eu 
(or  Yb)  concentration  between  0  and  4  at.  %,  increased  by 
17%  (or  39%),  respectively.  Correspondingly,  Figs.  3(d)  and 
4(d)  show  that  the  absolute  value  of  d:^i  increased  with  Eu  or 
Yb  concentrations,  respectively.  The  absolute  value  of  d^i  in¬ 
creased  from  44pC/N  to  51  pC/N  upon  Eu  substitution  and 
from  44  to  53  pC/N  upon  Yb  substitution.  This  result  implies 
that  Eu  and  Yb  doping  has  “softening”  side.  Figure  5  shows 
the  Curie  temperature  (7t)  as  a  function  of  Eu  or  Yb  doping 
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Rg.  1.  X-ray  dilTraction  patterns  of  0.90Pb<Zroj2Tio.48)03~ 
0.10Pb(Mni/3Sb2/3)O3  with  xat.%  Eu  (x  =;  0,  2,  4.  6),  yat%  Yb 
(y  =  0.2.4.6). 


carried  out  about  36  h  after  poling. 

The  electromechanical  properties  were  determined  by 
two  methods:  (i)  by  impedance  spectra  under  a  low-l^el 
constant-voltage  drive  using  a  HP4194  impedance  analyzer, 
and  (ii)  by  impedance  spectra  under  various  vibration  veloci¬ 
ties  using  a  constant  current  drive  method^^  The  vibration  ve¬ 
locity  Vo  was  measured  using  laser  dopplCT  vibrometer  (LDV) 
models  OFV-3001  and  OFV-511  (Polytec  PI).  The  vibration 
level  was  therms  value  of  vibration  velocity  uo,  which  is  inde¬ 
pendent  of  the  sample  size.  The  value  of  uo  can  be  calculated 
by  the  relationship  given  in  eq.  (1): 


vo  = 


V2 


(1) 


where  and  (oo  are  the  maximum  vibration  amplitude  and 
angular  resonance  frequency,  respectively.  Temperature  rise 
was  determined  by  a  thermocouple,  which  was  put  at  the  cen¬ 
ter  of  the  vibrating  sample  (i.e.,  the  nodal  point). 


3.  Results  and  Discussion 
3. 1  Crystallographic  and  microstructure  studies 
Pb{Mn,  Sb)03  does  not  exist  as  a  stable  single  phase.  How¬ 
ever,  Pb(Zr,  T0O3“Pb(Mn,  Sb)03  (PZT-PMS)  ceramics  have 
a  single  phase  structure.  Figures  1(a)  and  1(b)  show  X-ray 
diffraction  patterns  for  specimens  with  0, 2, 4,  6at.%  Eu,  and 
0,  2,  4,  6  at.%  Yb,  respectively.  Within  experimental  limits 


Table  I.  The  ionic  radii  of  the  constituent  elements  in  Pb(2r,Ti)0i- 
Pb(Mn,  Sb)03~EuAh  systems. 


Constituent  ion 

Ionic  sizc/A 

0.947 

Yb’+ 

0.858 

Pb^+ 

1.19 

Zr^ 

0.72 

■n<+ 

0.605 

Sb’+ 

0.76 

Mn*"*" 

0.46 

Rg.  2.  Densities  of  0.90Pb(2r(x52Tio.48)O3-0.10Pb(Mni/3Sb2/3)O3  with 
X  at  %  Eu  (X  =  0. 2, 4, 6).  y  at%  Yb  (y  =  0, 2. 4. 6). 


of  determination,  all  samples  studied  were  single  phase  per- 
ovskite.  Table  gives  the  ionic  radii  of  the  various  con¬ 
stituents  in  the  modified  PZT-PMS  compositions.  In  this  ta¬ 
ble,  and  Yb^'*'  can  be  seen  to  be  intermediate  in  size 
between  Pb  (A-site)  and  the  various  B-site  cations. 

Grain  sizes  were  determined  for  Eu  or  Yb  modified  speci¬ 
mens  by  scanning  electron  microscopy  (SEM).  The  grain  size 
of  the  pure  Pb(Zr,  'n)03-Pb(Mn,  Sb)03  was  ^^3  /xm.  Upon 
Eu  modification,  the  grain  size  increased  only  slightly.  Upon 
Yb  modification,  the  grain  size  decreased  slightly  to  23fim, 
From  the  SEM  micrographs,  it  was  also  clear  that  the  degree 
of  sintering  was  significantly  improved  upon  Eu  or  Yb  modi¬ 
fication.  Figures  2(a)  and  2(b)  show  the  density  of  PZT-PMS 
as  a  function  of  Eu  or  Yb  concentrations,  respectively.  The 
density  of  samples  increased  with  doping  of  Eu  and  Yb  up  to 
2  at.%  but  decreased  with  further  doping. 

These  results  eliminate  perovskite  phase  stability  and  grain 
sizes  as  sources  of  potential  difference  in  property  values  be¬ 
tween  specimens.  Rather,  property  variations  with  either  in¬ 
creasing  Eu  and  Yb  doping  concentrations  must  be  attributed 


Fig.  6.  Vibration  velocity  (rms  value)  vs  electric  field  (mis  value)  for 
PZT-PMS-Eu. 


Fig.  7.  A^bration  velocity  (nns  value)  vs  electric  field  (nns  value)  for 

PZT-PMS-Yh. 

ture  {AT)  under  electrical  drive  is  significant,  as  a  partial  de- 
poling  begins  to  occur  under  reverse  bias  with  increasing  Eac. 
This  restricts  the  practical  upper  limit  for  vo.  The  desired  per¬ 
formance  characteristics  for  a  high-power  device  application 
is  a  high  u©  and  a  low  heat  generation  {AT),  This  is  because 
the  operational  conditions  to  reach  higher  u©  values  must  be 
restricted  in  order  to  maintain  thermal  stability.  This  is  a  dif¬ 
ficult  task,  as  AT  is  known  to  be  proportional  to  Uq.  From  a 
practical  perspective,  the  maximum  vibrational  velocity  can 
be  defined  as  the  u©  which  produces  a  AT  =  20®C. 

Figures  8  and  9  show  the  temperature  rise  as  a  function  of 
v©  for  Eu  and  Yb  substitued  PZT— PMS,  respectively.  Data 
are  shown  in  each  figure  for  x  =  0,  2,  4,  and  6at.%. 
The  maximum  vibrational  velocity,  u©  (AT  =  20®C),  for 
PZF-PMS  was  found  to  be  M).6  m/s,  which  is  close  to  that 
reported  by  Takahashi,*^^  Upon  Eu-substitution,  values  of  u© 
(AT  =  20®C)  as  high  as  0.9  m/s  were  found  at  x  =  4at%, 
Yb  substitution  was  found  to  result  in  even  higher  values  of  u© 
(AT  =  20°C).  In  this  case,  forx  =  2at.%,  u©  (AT  =  20^0 
was  found  to  be  as  high  as  1 .0  m/s,  which  is  by  far  the  highest 
value  of  v©  ever  reported  for  PZT  based  ceramics. 

Figure  10  summarizes  the  results  of  u©  (AT  =  20°C)  for 
all  Yb,  Eu  modified  PZT-PMS  as  a  function  of  x.  From  this 
figure,  significant  enhancements  in  u©  (AT  =  20°C)  can  be 
seen  upon  substitution  with  either  element.  With  2  at.%  Yb 
doping,  the  rms  vibration  velocity  has  been  increased  from 
0.60  m/s  (x  =  Oat.%)  to  1,0  m/s.  It  is  also  clear  that  Yb  pro¬ 
duces  the  highest  values  and  at  significantly  lower  concentra¬ 
tions.  At  higher  concentrations,  u©  (AT  =  20°C)  decreased 


Fig.  8.  Temperature  rise  vs  vibration  velocity  (rms  value)  for 
PZT-PMS-Eu. 


Fig.  9.  Temperature  rise  vs  vibration  velocity  (rms  value)  for 
PZT-PMS-Yb. 


Fig.  10.  The  maximum  vibration  velocity  of  PZT-PMS-Yb  and 
PZT-PMS-Eu  vs  doping  concentration. 

for  both  Yb,  and  Eu  substituted  materials.  With  6  at.%  Eu  or 
Yb  doping,  the  vibration  velocity  at  AT  =  20°C  has  been 
dropped  to  0.77  m/s  and  0.88  m/s,  respectively. 

4.  Summary 

The  effects  of  Eu  and  Yb  substitutents  on  the  piezoelectric 
properties  of  Pb(Zr,T0O3-Pb(Mn,  Sb)03  ceramics  have  been 
investigated.  The  following  findings  can  be  stated. 

1)  Combinatory  “hard”  and  “soft”  characteristics  are  found 
upon  Eu  and  Yb  substitution  in  PZT-PMS.  Eu  or  Yb 
result  in  significant  increases  in  i/3],  and  /:3]. 


2)  Under  high  drive  level  conditions,  Uq  has  been  signifi¬ 
cantly  increased  by  Eu  or  Yb  substitution,  relative  to  that 
of  the  base  PZT-PMS  ceramic. 

3)  PZT-PMS  modified  with  2at.%  Yb  has  been  identified 
as  a  new  high-power  material.  It  has  a  uq  (AT  =  20° C) 
as  high  as  1.0  m/s  (rms  value)  under  an  electric  field  of 
lOkV/m  (rms  value).  This  new  material  can  provide  one 
order  of  magnitude  higher  power  than  conventional  PZT 
ceramics  driven  under  high  power  conditions  where  uo 
(AT  =  20°C)  is  equal  to  0.3  m/s. 

Acknowledgement 

This  work  was  supported  by  the  office  of  Naval  Research 
through  Contact  No.  N00014-99-J-0754. 


1)  K,  Uchino:  Piezoelectric  Actuators  and  Ultrasonic  Motors  (Kluwer 
Academic  PubHshers,  Norwell.  1996). 

2)  K.  Uchino:  Ferroelectric  Devices  (Marcel  Dekker,  New  York,  2000). 

3)  K.  Uchino,  H.  Negishi  and  T.  Hirose:  Proc.  Int.  Conf.  FMA-7,  Jpn.  J. 
Appl.  Phys.  28  (1989)  Suppl.  28-2,  p.  47. 

4)  K.  Uchino,  J.  Zheng,  A.  Joshi,  Y.  H.  Chen,  S.  Yoshikawa,  S,  Hirose,  S. 
Takahashi  and  J.  W.  C.  DE  Vries:  J.  Electioceram.  2  (1998)  33. 

5)  Y.  H.  Chen,  S.  Hirose  and  K.  Uchino:  Jpn.  J.  Appl.  Phys.  39  (2000) 
4843. 


6)  S.  Takahashi  and  S.  Hirose:  Jpn.  J.  Appl.  Phys.  31  (1992)  2422. 

7)  D.  Bcrlincouri  and  H.  Krueger:  J.  Underwater  Acoust  15  (1965)  266. 

8)  D.  Bcrlincouri  and  H.  Jaffee:  Physical  Acoustics^  cd.  W.  Cady 
(Academic  Press,  New  York,  1964)  vol.  1. 

9)  B.  Jaffc,  W.  Cook  and  H.  Jaffe:  Piezoelectric  Ceramics  (Academic 
Press,  London  and  New  York,  1971). 

10)  L.  Wu,  C.  C.  Lee,  T.  S.  Wu  and  C.  C.  Wei:  Ferroelectrics  41  (1982)  157. 

11)  A.  Hagimura,  M.  Nakajima,  K,  Miyata  and  K.  Uchino:  Proc.  Im.  Symp. 
Applied  Ferroelectrics  90  (1991)  p.  185. 

12)  T.  Ohno,  N.  Tsubouchi,  M.  Takahashi,  Y.  Matsuo  and  M.  Akashi:  Tech. 
Rep.  lEICE  Jpn.  (1972)  US71-37. 

13)  S,  Takahashi,  Y.  Sasaki,  S.  Hirose  and  K.  Uchino:  Mater.  ResrSoc. 
Synjp.  Proc.  360  (1995)  305. 

14)  Da^I  D.  Ebbing:  General  Chemistry  (Houghton  Mifflin  Co..  Boston, 
1993)  4th  ed. 

15)  Q.  Tan,  Z.  Xu  and  D.  Vichland:  J.  Mater.  Res.  14  (1999)  465. 

1 6)  L.  X.  He,  M.  Gao,  C.  E.  Li,  W.  M.  Zhu  and  H.  X.  Yan:  private  commu¬ 
nication. 

17)  Q.  Tan,  J.  F.  Li  and  D.  Viehland:  Philos.  Mag.  B  76  (1997)  59. 

18)  Q.  Tan:  PhD  Dissertation,  University  of  Illinois,  Urbana,  IL,  USA, 
1998. 

1?)  Y.  Imry  and  S.  Ma:  Phys.  Rev.  Utl.  35  (1975)  1399. 

7fil)  Q.  Tan  and  D.  Viehland:  Phys.  Rev.  B  53  (1996)  14103. 
il)  D.  Viehland  and  Y.  H.  Chen:  to  be  published  in  J.  Appl.  Phys. 

22)  J.  Kuwata,  K.  Uchino  and  S.  Nomura:  Ferroelectrics  37  (1981)  579. 

23)  S.  Park  and  T.  Shrout:  J.  Appl.  Phys.  82  (1997)  1 804. 

24)  b.  Viehland:  to  be  published  in  J.  Appl.  Phys. 

25)  T.  Egami:  to  be  published  in  Proc.  12th  Int  Symp.  Applications  of 
^rroclcctrics,  IEEE. 


